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 ABSTRACT 
Based on four studies, this thesis aims to explore how to design auditory warning signals that can 
facilitate safer driving by operators of heavy goods vehicles. The first three studies focus on the 
relationships between certain characteristics of auditory warnings and various indicators of traffic 
safety. A deeper understanding of these relationships would allow system developers to design 
auditory signals that are better optimised for safety. The fourth study examines the opinions of both 
vehicle developers and professional drivers regarding warning attributes. 
One major conclusion is that meaningful warning sounds that are related to the critical event can 
improve safety. As compared with arbitrarily mapped sounds, meaningful sounds are easier to 
learn, can improve drivers’ situation awareness, and generate less interference and less annoyance. 
The present thesis also supports the view that commercial drivers’ initial acceptance of these sounds 
may be very high. 
Annoyance is an especially important aspect of warning design to consider; it can negatively 
influence driving performance and may lead drivers to turn off their warning systems. This research 
supports the notion that drivers do not consider that negative experience is an appropriate attribute 
of auditory warnings designed to increase their situation awareness. Also, commercial drivers seem 
to report, significantly more than vehicle developers, that having less-annoying auditory warnings is 
important in high-urgency driving situations. Furthermore, the studies presented in this thesis 
indicate that annoyance cannot be predicted based on the physical properties of the warning alone. 
Learned meaning, appropriateness of the mapping between a warning and a critical event, and 
individual differences between drivers may also significantly influence levels of annoyance. 
Arousal has been identified as an important component of driver reactions to auditory warnings. 
However, high levels of arousal can lead to a narrowing of attention, which would be suboptimal 
for critical situations during which drivers need to focus on several ongoing traffic events. The 
present work supports the notion that high-urgency warnings can influence commercial drivers’ 
responses to unexpected peripheral events (i.e., those that are unrelated to the warning) in terms of 
response force, but not necessarily in terms of response time. 
The types of auditory warnings that will be developed for future vehicles depend not only on 
advances in research, but also on the opinions of developers and drivers. The present research 
shows that both vehicle developers and drivers are aware of several of the potentially important 
characteristics of auditory warnings. For example, they both recognise that warnings should be easy 
to understand. However, they do disagree regarding certain attributes of warnings, and, furthermore, 
developers may tend to employ a “better safe than sorry” strategy (by neglecting factors concerning 
annoyance and the elicitation of severe startled responses) when designing high-urgency warnings. 
Developers’ recognition of the potentially important attributes of auditory warnings should 
positively influence the future development of in-vehicle systems. However, considering the current 
state of research regarding in-vehicle warnings, it remains challenging to predict the most suitable 
sounds for specific warning functions. One recommendation is to develop a design process that 
examines the appropriateness of in-vehicle auditory warnings. This thesis suggests an initial version 
of such a process, which in this case was produced in collaboration with system designers working 
in the automotive industry. 
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The aim of the research presented in this thesis has been to gain better insight into how to design 
auditory warning signals that will facilitate safer driving in heavy goods vehicles. Drivers may have 
several goals, such as minimising travel time or travel costs. However, the present research focuses 
on how to develop technology that helps drivers to reach one particular goal: that of avoiding traffic 
accidents. Heavy goods vehicles are currently involved in a disproportionate number of serious 
traffic incidents (Strandroth, 2009; Björnstig, Björnstig & Eriksson, 2008; National Highway 
Traffic Safety Administration, 2008). Every year, approximately one hundred people are killed in 
accidents involving heavy goods vehicles in Sweden. This figure represents approximately 20 
percent of all deaths from road accidents. Both the degree of injury and degree of disability caused 
by these accidents suggest that collisions with vehicles of this type produce more serious 
consequences than do other collisions (Strandroth, 2009). The National Highway Traffic Safety 
Administration (NHTSA, 2008) reports that in 2007, large trucks travelled 7 percent of the total 
vehicle miles driven, whereas they accounted for 11 percent of all traffic fatalities. 
 
In recent years, the number of in-vehicle functions available to drivers has increased rapidly. The 
implementation of Intelligent Transport Systems (ITSs) is associated with increased traffic safety. 
ITSs commonly include warning signals used to alert drivers. The combination of new technology 
and auditory warnings could help drivers to make appropriate decisions and act appropriately in 
dangerous situations. However, the increasing number of ITSs also makes it increasingly important 
to determine how warnings can best be designed to maximise their potentially positive effects on 
driving safety while minimising their negative effects. 
1.1 What is a warning? 
An in-vehicle warning can take many different forms. For example, it can be communicated to a 
driver using different sensory modalities or combinations of modalities. According to Edworthy and 
Adams (1996), warnings are artefacts that have been designed to represent the danger to which they 
refer. Accordingly, warnings occur separately from the dangerous situation itself. For example, a 
driver perceives various informational cues within the traffic environment in a dangerous situation 
(e.g., when an approaching vehicle crosses the centre line). However, such cues do not constitute a 
warning. Rather, a warning occurs only when a designed artefact (e.g., a flashing light, a written 
message or a sound) is triggered by an ITS.  
Wickens and Hollands (1999) state that the goal of a warning is to get the user to comply with it, 
and thereby employ the product in a safe way or avoid unsafe behaviour in a threatening situation. 
However, it is important to realise that drivers will make use of both the warning and other cues, 
including internal cues based on previous experience, when making decisions about how to act.  
1.2 The influence of warnings on safety 
 

			
A warning improves traffic safety when it helps the driver to avoid or eliminate the hazard. If one 
warning is more helpful in this regard than another, it is more effective. The effectiveness of 
particular warnings may depend on the speed and accuracy of the driver’s response. To what extent 
speed is important depends heavily on the urgency of the situation. In a high-urgency situation (e.g., 
a near-collision), the driver has little time to respond, and thus, seemingly “small” improvements in 
response time can greatly increase safety.  
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When the driver perceives a warning, he or she is already engaged in safety-critical activities. 
Therefore, to evaluate the effect of a warning on safety, one must consider whether it negatively 
influences the driver’s ability to perceive, process or respond to other safety-critical information. 
Furthermore, if the design of the warning for some reason causes the driver to turn off the whole 
system or the system sound, the potential safety benefits will decrease or disappear.  
1.3 Efficiency and costs of auditory warnings 
Using sound to warn the driver may be preferable to using other sensory modalities; indeed, sound 
can be a more efficient and safer form of warning. Auditory cues can be perceived from any 
direction and are independent of the driver’s visual focus. Thus, it is more likely that an auditory 
warning will be detected, which is of course necessary for it to be effective. In addition, retrieving 
information from sounds does not require the driver to shift his or her gaze away from the road. 
Because driving is a highly visual task, maintaining visual focus is critical. In fact, it has been 
estimated that as much as 90 to 95 percent of information used while driving is visual (e.g., Booher, 
1978). The importance of sufficient visual perception during driving was illustrated in the “100-car 
study” (Dingus et al., 2006). The study showed that visual inattention was a factor in 78% of 
crashes and 65% of near-crashes. Glances away from the roadway for more than 2 seconds may be 
especially dangerous (Klauer et al., 2006). 
 
However, as will be described later in this thesis, auditory information can also have negative 
effects on the ability of drivers to perceive and process visual information. Furthermore, it is well 
known that auditory warnings can be annoying. 
1.4 Objectives and scope 
One objective of this thesis has been to examine the relationships between characteristics of 
auditory warnings in commercial vehicles and indicators of traffic safety. If research can identify 
these relationships, and determine why they exist, system developers will be better prepared to 
design auditory signals that improve traffic safety. Developers will be able to more accurately 
predict which sounds function best as warnings and to anticipate negative effects of those sounds on 
safety.  
This thesis focuses on drivers of a particular type: professional truck drivers working in Sweden. 
This thesis also focuses on auditory warnings used in systems designed to inform drivers about 
dangers in the traffic environment. Furthermore, the research conducted focuses on the 
effectiveness and negative effects of auditory warnings rather than entire warning systems. For 
example, automating aspects of the driving, high frequencies of false warnings, and inappropriate 
warning timing can all negatively impact safety. However, these effects are not covered in this 
thesis.  
The three first studies presented in this thesis focus on the relationships between characteristics of 
auditory warnings and (1) learnability, (2) traffic situation awareness, (3) cognitive effort, (4) 
annoyance, (5) attentional narrowing, and (6) initial acceptance. The specific aims of each study are 
described below. 
Study 1. This study examines the learnability of different sound types, their potential to increase 
situation awareness, the cognitive effort required to process them, and the annoyance they may 
cause. Warnings that sound like the traffic object they represent (auditory icons) are compared to 
verbal sounds (keywords) and to musical sounds (abstract earcons) that are arbitrarily mapped to 
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traffic objects. One specific aim was to examine the relative effects of sounds on cognitive effort 
after the driver had a chance to learn the warnings.  
Study 2. This study investigates how the psychoacoustic parameters of warnings affect perceived 
annoyance and attentional narrowing (i.e., to what degree they decrease the ability of drivers to 
perceive and respond to information that is not related to the warning). 
Study 3. This study investigates the initial acceptance of auditory icons as warning signals among 
commercial drivers. 
Which types of auditory warnings will be used in future vehicles also depends on which attributes 
of auditory warnings are important to vehicle developers and drivers (e.g., the level of annoyance 
caused or whether the urgency level is appropriate). The second aim of the present research has 
been to examine both developers’ and drivers’ opinions about the importance of a range of warning 
attributes that past research has indicated to be important. 
 
Study 4. In this study a questionnaire was used to examine the opinions of vehicle developers and 
commercial drivers regarding properties of warnings that have been identified as potentially 
important in previous research. The motive of the examination was to identify helpful aspects of the 
developers’ and drivers’ opinions, using them to maximise the success of warning design and avoid 
some of its pitfalls. 
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For many people, driving a vehicle is an every-day activity. Still, it is a complex activity that is 
difficult to describe as a whole. Some authors have described driving not as a single task but instead 
as a combination or hierarchy of tasks. Rumar (1990), for example, suggests that driving consists of 
eight main types of tasks, including strategic tasks (e.g., choices regarding transport mode and 
decisions about destinations and routes) and traffic-related tasks (those that involve interactions 
with other road users). Michon (1985) describes driving as a problem-solving task that can be 
separated into three levels of skills and control: strategic (trip planning), tactical (manoeuvring) and 
operational (vehicle control). Hollnagel (2002) applies the “Extended Control Model” (ECOM) to 
driving, which suggests that the driving task involves the pursuit of several simultaneous sub-goals 
with different timeframes. These goals are associated with four simultaneous, interrelated control 
layers: tracking, regulating, monitoring and targeting control.  
2.1 Rasmussen’s framework 
One common approach to the categorisation of tasks performed by users is the framework of “skill-, 
rule- and knowledge-based performance” presented by Rasmussen (1983). According to the 
framework, skill-based performance characteristically takes place without conscious attention or 
control, yielding smooth, automated patterns of behaviour. In rule-based performance, the person 
acts based on previously learned rules. For example, rules can be formulated from previous 
successful encounters with a similar situation. Knowledge-based behaviour takes place in 
unfamiliar situations for which no specific rules have been formulated (Rasmussen, 1983). The 
three levels of performance are associated with different levels of automaticity, and skill-based 
behaviour is the most automated. More automatic behaviour is more rapid and accurate and requires 
fewer mental resources. The level of automaticity depends on the amount of training the person has 
undergone and the difficulty of the task (Wickens et al., 1999). 
 
Hale, Stoop and Hommels (1990) propose that Rasmussen’s performance levels can be mapped 
onto the levels of driver skill and control suggested by Michon (1985). Combining these two 
frameworks illustrates that the subtasks of driving can become more automated and less effortful 
after driver training. For instance, fundamental driving tasks such as steering and braking, can be 
demanding for a novice driver, whereas experienced drivers perform them at a highly automated 
level.  
2.2 Driving in a safety-critical situation 
The present thesis focuses on what occurs when experienced drivers encounter a safety-critical 
situation. Even though experienced drivers may perform many driving-related tasks with less effort 
compared to inexperienced drivers (Patten et al., 2006), safety-critical situations are still likely to be 
demanding for them. Safety-critical situations are likely to be infrequent and to occur unexpectedly. 
As Ranney (1994) states, novel and unexpected driving situations can impede skill-based 
performance and require knowledge-based (more demanding) processing. Furthermore, in safety-
critical situations, the driver will have to search the environment for information that is relevant to 
the threatening situation. It has been suggested that hazard detection is an effortful activity, even for 
experienced drivers (McKenna & Farrand, 1999). Moreover, if a safety-critical situation is complex 
– for example, because it involves several road users – the driver will have to divide his or her 
attention among several ongoing and developing events on the road. 
 
When (or immediately after) the auditory warning of a road event is triggered, the driver will likely 
experience a great amount of cognitive effort and stress. In these situations, auditory warnings need 
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to support rapid, appropriate decision-making, helping drivers decide how to respond to the danger 
while simultaneously creating the smallest possible negative effect on the driver’s ability to cope 
with the whole driving situation.  
2.3 Attention as a limited-capacity resource 
One established model that can be used to analyse task performance is the human information 
processing system (HIPS) model presented by Wickens et al. (1999), see figure 1. The model 
suggests that information processing is performed in a series of stages through a feedback loop with 
the environment. In the model, attention is conceptualised as a supply of mental resources. These 
resources are necessary during the various stages of information processing, from the information 
selection phase to the response execution processes. 
 
Figure 1  The Human Information Processing System presented by Wickens et al. (1999). 
Salient cues are believed to trigger involuntary orienting responses that are accompanied by the 
redirection of attention (Cowan, 1995; Kahneman, 1973; Shelton et al., 2009; Solokov, 1963). 
Thus, auditory warnings will likely demand mental resources from the driver. It is of crucial 
importance that the warning attracts attention if it is to be effective. However, to what extent an 
informing auditory warning will require mental resources depends heavily on the cognitive 
operations needed to interpret the sound. Sounds that require the driver to perform conscious 
cognitive operations such as reasoning and rehearsal can slow information processing and 
significantly increase the level of mental resources required.  
 
One common belief is that mental resources are limited (Cowan, 1995; Wickens et al., 1999; 
Norman et al., 1975; Kahneman, 1973). When resource demands exceed resource availability, the 
performance will worsen. 
 
In some cases, performance will not improve even if more resources are invested in the task. 
Consider, for example, a person who is trying to interpret a message presented in an unfamiliar 
language. A driver who is attempting to understand an unfamiliar warning is similar. No matter 
what resources the driver invests in trying to process the sound, he or she will not be able to 
determine its meaning. Performance that is not limited by mental resources has been referred to as 
data limited (Norman & Bobrow, 1975).  
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Wickens et al. (1999) explain time-sharing as the division of attention among tasks. Perfect time-
sharing occurs when tasks are performed concurrently as well as they would each be performed 
alone. When the level at which one of the tasks is performed decreases, dual-task interference has 
occurred. 
One type of time-sharing occurs when a driver processes a warning simultaneously scanning the 
road. If performing the two tasks together has a negative effect on the level at which either task is 
performed, dual-task interference has occurred. 
Wickens et al. (1999) emphasise the contribution of various factors to the level of dual-task 
interference. One factor is the total amount of resources required to perform the tasks in question. 
Another factor is the degree of similarity between the types of resources required to perform the 
particular tasks. Simultaneously performing two tasks that require the same processing resources 
(according to the structure of resources in the Multiple Resource Model (Wickens, 1980, 2002) is 
more likely to create interference. 
3.1 The multiple resource model 
Wickens (e.g., Wickens, 1980, 2002) designed a popular model for the use of multiple resources in 
human information processing. In the model, the resources that are available for information 
processing are distributed according to a structure that includes stages, modalities and codes (see 
figure 2). The three dimensions are described as somewhat independent of one another. For 
example, the resources used for the perception and cognitive processes are the same, but they are 
different from the resources used for response selection and execution.  
 
Figure 2  The Multiple Resources Model presented by Wickens et al. (1999). 
The model indicates that cross-modal time-sharing (i.e., auditory-visual sharing) is preferable to 
intra-modal time-sharing (e.g., visual-visual sharing). However, the level of interference depends on 
the number of shared dimensions and the resource demand associated with the processes included 
in those dimensions. For example, presenting information to a driver using sound instead of a visual 
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display can be beneficial because it will require cross-modal rather than intra-modal time-sharing. 
However, if processing the auditory information requires more perceptual and cognitive resources, 
the benefits of utilising the auditory sense may be negated. 
It should be noted there are other potential benefits of simultaneously using visual and auditory 
sensory channels besides those indicated by the Multiple Resources Model. Two visual tasks will 
likely require visual scanning between them, which can have a negative impact on performance 
(Wickens et al., 1999). 
3.2 Inattentional blindness 
Some researchers have questioned the appropriateness of using the theory of multiple resources to 
predict the level of interference caused by performing auditory tasks while driving. Strayer (2007), 
for example, favours the concept of “inattentional blindness” (Mack & Rock, 1998) as a way to 
explain the negative effects. Inattentional blindness occurs when a person looks at an object but 
does not consciously perceive it because he or she is not directing attention towards it (Mack et al., 
1998). The inattentional blindness phenomenon can occur solely because the person does not expect 
or intend to perceive the object, but performing other attention-demanding tasks increases the 
probability that it will occur.  
For instance, performing a more cognitively engaging auditory task will divert more of the driver’s 
attention from his or her driving, which will increase the risk of his or her missing unexpected 
visual information, even when the driver keeps his or her eyes on the road.  
3.3 Evidence of auditory task interference in driving 
Given the potential advantages of cross-modal information processing (as suggested in the Multiple 
Resources Model (Wickens, 2002)), one might ask whether an auditory task might have a negative 
effect on the predominantly visual task of driving.  
A significant body of research has reported that auditory tasks can negatively impact driving 
performance and drivers’ ability to respond to visual information (e.g., Alm & Nilsson, 1995; 
Treffner & Barret, 2004; Patten et al., 2004; McKnight & McKnight, 1993). Many of these studies 
have focused on drivers’ use of mobile phones. However, it is still a matter of debate as to whether 
the interference of mobile-phone use actually results in an increased number of crashes. A number 
of recent studies have failed to report that mobile phone conversations significantly increase the risk 
of crash (Klauer et al., 2006; Olson et al., 2009; Young 2011). 
3.3.1 

	

		
 
One interesting conclusion drawn from previous research is that auditory tasks seem to interfere 
particularly with hazard detection (response times to hazards) and judgement tasks (Horrey & 
Wickens, 2006; Brown, Tickner & Simmonds, 1969). Horrey et al. (2006) performed a meta-
analysis of 23 studies that had examined the negative effects of mobile phone use. They concluded 
that the effects of mobile phone use on lane-keeping seem to be less significant than the effects on 
hazard detection and response. Furthermore, McKenna et al. (1999) reported that experienced 
drivers exhibit better hazard detection than novices. However, when the drivers performed auditory 
tasks while driving, the same level of hazard detection was exhibited by experienced and novice 
drivers. 
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3.3.2 

	


 
Studies have also shown that increasing the level of difficulty of the auditory task or the driving 
situation can increase interference (Strayer & Johnston, 2001; Patten et al., 2004). For example, 
Patten et al. (2004) reports that drivers performing more difficult verbal tasks exhibited longer 
reaction times on a Peripheral Detection Task (PDT) than did those who were simply repeating 
numbers. However, some studies have failed to report statistically significant effects of increasing 
the difficulty of auditory tasks (McKnight et al., 1993). 
3.3.3 

	
	 
A number of studies have reported no association between pure listening tasks and negative impact 
on visual change detection (Strayer et al., 2001; McCarley et al., 2004). However, inference has 
also been reported to derive from tasks that do not require subjects to respond verbally. Richard et 
al. (2002) reported that that conducting an auditory version of the working memory span test 
(Baddeley et al. 1985) could affect a driver’s ability to detect changes in traffic scenes. In addition, 
Pizzighello and Bressan (2008) reported that memorising auditory material and interpreting a story 
had negative effects on the detection of unexpected visual information. 
3.4 Conclusions regarding time-sharing 
Both theoretical models on human information processing, and empirical studies on interference of 
auditory tasks on driving, emphasise the need for auditory warnings that require little mental 
resources to be processed. Sounds that are designed to be informing, but require significant 
cognitive processing, will likely slow decision-making and responses. Furthermore, when a driver 
invests more mental resources in processing a warning, he or she will have fewer resources 
available for handling a demanding critical driving situation.  
Also, if the driver has not learned how to interpret a warning, the information processing becomes 
data limited rather than resource limited. Such data limitations can undermine effectiveness, and if 
the driver invests significant effort in trying to understand the sound, significant interference may 
also result. 
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Arousal is activation of the autonomic nervous system (Juslin & Västfjäll, 2008). Arousal can also 
be described as a state of readiness to perform. It has been suggested that arousal and valence (or 
pleasantness) are two main underlying dimensions of affective descriptors (Bradley & Lang, 1994). 
The two dimensions form the “circumplex model of affect” presented by Russell (1980); see figure 
3. 
 
 
Figure 3  Circumplex Model of Affect, adapted from Russel (1980). 
Arousal is a common reaction to stressors (Wickens et al., 1999) and can increase as a result of 
various changes in the environment, including increased cognitive demands and time pressure. 
Sounds that indicate a change in the environment will increase the activation of the central nervous 
system (Juslin et al., 2008). That is, sounds that meet certain criteria (e.g., fast, loud, and/or sudden 
sounds) will most likely increase arousal.  
 
 “Arousal potential” has been identified as an important characteristic of auditory warnings. The 
emotional reaction model presented by Västfjäll et al. (2006), see figure 4, suggests two main ways 
in which auditory warnings are processed and contribute to actions. If a sound has sufficient 
“arousal potential” (based on its acoustic properties), it will incite an immediate and rapid response. 
Conversely, if a sound does not have sufficient arousal potential, it will be compared with sound 
memories stored in the person’s long-term memory. If the sound is judged as novel or is associated 
with something dangerous, it will yield a response.  
4.1 The optimal arousal level 
The emotional reaction model presented by Västfjäll et al. (2006) implies that auditory warnings 
should have a certain degree of arousal potential, and should be familiar to the listener. But arousal 
levels should also be kept at a reasonable level to avoid inappropriate driver behaviour (Larsson et 
al., 2008). The concept of the “optimal arousal level” for task performance was introduced with the 
development of the Yerkes-Dodson model (Yerkes & Dodson, 1908). The model predicts a positive 
correlation between arousal levels and performance for very easy tasks. As tasks become more 
difficult, higher arousal increases performance to a certain point, but arousal levels that exceed that 
optimum will worsen performance. 
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Figure 4  The emotional reaction model presented by Västfjäll et al. (2006). 
4.2 The effects of arousal on information processing 
It has been suggested that an arousing stimulus influences performance in various ways. For 
instance, the arousing stimulus may encourage enhanced perception of the stimulus (Anderson & 
Phelps, 2001) or enhanced long-term memory of the event (Cristianson et al. 1991). Easterbrook 
(1959) suggested that arousal will lead to a “narrowing of attention”; see figure 5. When a person is 
observing an emotional event, his or her attention will be focused primarily on the arousing details 
of the stimulus. As a result, the person will better encode those details but will not encode less 
relevant details as well.  
 
 
 
Figure 5  Cue-utilisation hypothesis (Easterbrook, 1959). 
In accordance with the principle of “attentional narrowing”, researchers have reported that people 
are considerably less able to respond to peripheral stimuli when they are under stress, whereas their 
capacity to perform central tasks or tasks of primary importance is unaffected (e.g., Weltman, Smith 
& Egstrom, 1971). In the domain of driving, Chapman and Underwood (1998) reported that drivers 
who watched dangerous traffic events exhibited eye movements that indicated a narrowing of the 
visual search.  
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4.3 Conclusions regarding arousal 
In-vehicle warnings should probably cause some degree of arousal if they are to be effective. 
However, high arousal levels can have negative consequences. Attentional narrowing is one 
potential side effect that can be of crucial importance in driving situations that require the driver to 
simultaneously direct his or her attention to several events in the traffic environment.  
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Annoyance is an affective state and is one of the most studied effects of sound on humans. The 
annoyance created by an auditory warning might be more appropriately described as an emotional 
state than as a mood. According to Juslin et al. (2008), emotions are responses of relatively short 
duration (from a few minutes to a few hours) and intense affect that usually involve subjective 
feeling, physiological arousal, expression, action tendency, and regulation. In contrast, moods last 
longer (from several hours to multiple days) and are less intense than emotions. Furthermore, 
whereas emotions focus on a specific object, moods do not have a clear object.  
 
In the previously described Circumplex Model of Affect (Russel, 1980) (see figure 3), annoyance 
would be positioned somewhere in the upper left quadrant (Remington, Fabrigar & Visser, 2000).  
5.1 The drawbacks of annoyance 
Annoyance is associated with negative experiences, which makes it an important effect to consider 
in system design, for at least four reasons.  
 
First, according to emotion regulation theory (Gross, 2001), drivers may try to avoid experiencing 
negative emotions by avoiding the sound. Because salient sounds are generally hard to ignore, the 
only way for a driver to avoid an annoying sound may be for him or her to turn down the volume or 
turn off the entire system. Along these lines, it has been reported that in anaesthetic operating 
rooms, auditory warnings are often disabled because of their unpleasant sound characteristics 
(Block, Nuutinen & Ballast, 1999).  
 
Second, emotional reactions make people focus on emotionally relevant objects. In the context of 
driving, this could mean that the driver would be led to focus on the dangerous situation after 
hearing the warning. However, if the system were causing severe annoyance, the driver might also 
focus on the negative aspects of the system rather than on his or her driving. 
 
Third, it has been suggested that more negative emotions during driving are accompanied by more 
risky driving behaviours (Deffenbacher et al. 2001; King & Parker, 2008). 
 
Forth, increased annoyance of auditory warnings has been found to contribute to increased driver 
workload (Wiese & Lee, 2004). 
5.2 Annoyance and warning design  
Research regarding sound annoyance has largely focused on environmental noise and various types 
of unwanted sounds. It has been suggested that annoyance may be predicted by physical and 
psychoacoustic measures such as loudness, sharpness, harmonic ratio, duration and tonality 
(Hiramatsu et al., 1978; Landström et al., 1995; Kahn, Johansson & Sundback, 1997). Annoyance 
may also be predicted by non-physical measures such as sound identity (Ellermeier, Zeitler & Fastl, 
2004), predictability, controllability (Kjellberg et al., 1996), attitude towards the sound source 
(Taylor, 1984), and the extent to which the sound interferes with ongoing cognitive tasks (Zimmer, 
Ghani & Ellermeier, 2008). Furthermore, annoyance has been reported to be context- (Fucci et al., 
1997) as well as somewhat subject-dependent (Berglund & Preis, 1997; Taylor, 1984). 
 
For warnings presented in vehicles, a number of studies have investigated the relationships between 
warning characteristics and annoyance. It is rather well established that acoustic parameters that 
increase the perceived urgency of a warning signal also increase the sound’s potential to become 
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annoying (Marshall, Lee & Austria, 2007; Wiese et al., 2004; Tan & Lerner, 1995). Some evidence 
also suggests that a driver experiences annoyance with a warning because he or she has learnt that 
the warning indicates a situation of a certain urgency level (McKeown, 2005; Marshall et al., 2007). 
5.3 Conclusions regarding annoyance 
It is not desirable for auditory warnings to cause annoyance. If two warnings are equally effective, 
but one of them is more annoying, the less annoying warning is likely more appropriate. However, 
because auditory warnings are designed to interrupt the driver and to express some degree of 
urgency, it is challenging to design effective warnings, especially high-urgency warnings, without 
the potential to become annoying. Negative cues (i.e., those that indicate a potential threat to our 
well being) may more efficiently (automatically) catch a person’s attention compared with positive 
cues (Pratto & John, 1991). This factor may also make us respond faster in tasks that are relevant 
for the negative emotion (Estes & Verges, 2008). Along these lines, it has been reported that 
warnings that are more activating and negative result in faster response times while driving 
(Larsson et al., 2008). 
 
However, it is of great interest to find ways to minimise annoyance. One such way may be to design 
auditory warnings based on acoustic properties that affect urgency more than they affect annoyance. 
Marshall et al. (2007) reported that pulse duration, interpulse interval, alert offset, alert duty cycle, 
and sound type may be particularly promising parameters for increasing urgency with relatively 
little effect on annoyance. Furthermore, developers may be able to reduce the potential for warning-
related annoyance by avoiding the exaggeration of sound properties that are associated with 
annoyance. For example, developers can avoid extreme acoustic properties (e.g., very loud sounds) 
or sounds that could interfere unnecessarily with the driver’s ongoing cognitive processes. To better 
understand how to minimise the annoyance of auditory warnings, we need to learn more about the 
factors that influence the perception of these sounds as annoying. 
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The negative effects of in-vehicle technology on the attention and performance of drivers are 
sometimes referred to as driver distraction. Should the negative effects of in-vehicle warnings on 
the ability of drivers to drive safely be considered driver distraction?  
 
The term “driver distraction” is commonly used in both academia and the industry. However, there 
is no universal definition for this term. Lee, Young and Reagan (2008) presented 14 different 
definitions culled from the previous literature, all with different specifications and scopes. Nine of 
these 14 definitions specify that in driver distraction, attention is “diverted”, “shifted”, “taken”, 
“withdrawn” or “redirected” from “driving”, “the driving task” or “stimuli that is critical for safe 
driving”.  
 
Accordingly, it could be appropriate to say that a warning that diverts drivers’ attention from the 
driving task causes driving distraction. However, such a claim would require a definition of driving 
that excludes the processing of in-vehicle warnings. If interpreting in-vehicle warnings are 
considered to be part of driving, it seems inappropriate to say that warnings causes driver 
distraction.  
 
It may be more appropriate to say that a warning is causing driver distraction if it impacts drivers 
attention in a way that is negative for driving safety, and which is not compensated by any positive 
effects on driving safety that the warning brings. For instance, a warning that makes the driver shift 
attention towards the wrong direction would likely be distracting rather than helpful. 
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The studies in the present thesis focus primarily but not exclusively on the design of non-verbal 
sounds as carriers of urgent information. This chapter briefly introduces previous research in this 
area.  
7.1 Perceived urgency 
Perceived urgency is one of the most commonly investigated properties of auditory warnings. 
Urgency has been defined as “something that requires immediate action or attention” (Suied, Susini 
& McAdams, 2008). Matching the perceived urgency of a warning with the urgency of the 
dangerous situation has been called “urgency mapping” (Edworthy & Adams, 1996). It has been 
argued that appropriate urgency mapping can help users to prioritise information, enhance warning 
interpretation, and reduce both interference and workload (Wiese et al., 2004).  
A significant body of research has established that the perceived urgency of warnings depends on 
acoustical properties such as frequency content and rhythm (Edworthy, Loxley & Dennis, 1991; 
Hellier, Edworthy & Dennis, 1993; Haas & Edworthy, 1996). Thus, an auditory warning can give 
the listener fundamental information about the situation, even when the listener does not know the 
exact meaning of the sound. However, when a person learns the meaning of a warning sound, the 
perceived urgency associated with the sound may be determined based on that meaning rather than 
on the sound’s acoustical properties (Burt et al., 1995; Guillaume et al., 2007; Wiese et al., 2004). 
7.2 Earcons and auditory icons 
Studies of non-verbal sounds used to convey information in user environments have to a large 
extent focused on two types of sound: earcons and auditory icons. The concept of earcons was 
introduced by Blattner, Sumikawa and Greenberg (1989). The researchers suggested that sound 
could be structured according to principles similar to those of visual icons. They defined earcons as 
“nonverbal audio messages used in the user-computer interface to provide information to the user 
about some computer object, operation, or interaction”. The authors suggested that earcons, like 
visual icons, could be divided into three classes: representational, abstract, and semi-abstract. 
Abstract earcons, see figure 6, use musical parameters to form unique sounds. By manipulating 
parameters such as timbre, register and rhythm, earcons with specific meanings can be created. 
 
Figure 6  Two examples of abstract earcons. 
Representational earcons, in contrast, are sounds that are already familiar to the user. Several other 
authors who have investigated the use of earcons have clearly focused on abstract earcons (e.g., 
Brewster, Wright & Edwards, 1993; McGookin, 2004). Brewster et al. (1993), for example, defined 
earcons as “abstract, synthetic tones that can be used in structured combinations to represent parts 
of an interface”.  
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Gaver (1986) introduced a concept rather similar to that of representational earcons, coining the 
term “auditory icons.” Gaver (1989) defined auditory icons as “everyday sounds meant to convey 
information about events in the computer by analogy with everyday events”. Gaver (1989) argued 
that people often listen to an event or a source of sound rather than to the sound per se. That is, that 
they hear the characteristics of the source rather than those of the sound. He refers to this mode of 
listening as “everyday listening”. The concept of everyday listening is consistent with Gibson’s 
(Gibson, 1979) ecological perspective on perception.  
 	
Auditory icons make use of established associations between sound and what it represents. They are 
chosen because they are reasonably meaningful, familiar and relevant to the user. Their familiarity 
makes them easier to learn and better facilitates automatic information processing. Furthermore, 
auditory icons can communicate an inherent sense of urgency (based on the previous experiences of 
the listener with the sound), which in turn is likely to trigger appropriate urgency perception and 
emotional reactions. Accordingly, a great deal of research has shown that auditory icons yield faster 
response times and more accurate responses and are easier to learn than are other non-verbal sounds 
(e.g., Graham, 1999; McKeown, 2005; Vilimek & Hempel, 2005; Larsson et al., 2008). 
Abstract earcons, in contrast, are associated with new rules for how to interpret sound. For instance, 
a specific musical timbre might be associated with a certain type of road danger. If the listener has 
not fully learned how to interpret the sound, information processing may be data limited and/or 
knowledge based. The process will therefore tend to be slow, demand greater mental resources and 
encourage user error.  
However, with practise, the processing of new sounds can become more automated, and the driver 
can recognise the sound as indicating danger. Stanton & Edworthy (1998) compared a set of new 
environmental sounds (auditory icons) with existing conventional warnings in an intensive 
treatment unit. They found that the new sounds were more effective for novice users, who produced 
fewer errors in response to such sounds. However, the old warnings were more effective for 
experienced users.  
One potential disadvantage of auditory icons is that they can lead to more inappropriate responses 
to nuisance warnings (Graham, 1999; Gray, 2011). Such inappropriate behaviour may indicate that 
these sounds are processed more automatically. It could also be argued that the familiarity triggers a 
direct emotional response, as suggested by the aforementioned emotional reaction model (Västfjäll 
et al., 2006); see figure 5. 
7.3 Natural warning sounds 
Ulfvengren (2003) introduced the concept of “natural warning sounds” for auditory warnings in 
aviation. A natural warning sound should meet the following requirements. It should: 
 
• Have a natural meaning within the user’s context 
• Be compatible with the auditory information process 
• Be pleasant to listen to (not annoying) 
• Be easy to learn 
• Be easy to remember 
• Be efficient for action 
• Be efficient for compliance 
• Decrease the time required to perform the task 
• Contain relevant information 
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• Be clearly audible 
• Be easily discriminated from other groups of alerts 
• Be easily discriminated from other individual alerts 
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Situation awareness (SA), a concept with roots in the field of aviation, has been presented as a 
fundamental contributing factor in decision making in dynamic systems (Wickens et al., 1999). This 
makes SA relevant to the present research in general and more specifically as an indicator of traffic 
safety.  
 
There are many definitions of SA (Alfredsson, 2007). Endsley (1995) presents the following widely 
used definition: “Situation awareness is the perception of the elements in the environment within a 
volume of time and space, the comprehension of their meaning, and the projection of their status in 
the near future”. In other words, SA involves knowledge of the past, the present and the near future. 
Furthermore, Endsley (1995) states that SA involves goal-related knowledge. For example, a driver 
who perceives the movements of another vehicle should be aware of how his or her perceptions 
may affect driving safety.  
 
Clearly, inadequate SA can have negative effects on traffic safety. If the driver is not aware of 
objects in the traffic environment, does not understand the intentions of other drivers or cannot 
make predictions about their future status, his or her lack of awareness could have negative 
consequences for decision making. However, awareness is not the only requirement for successful 
decision-making and performance. Drivers who lack an understanding of how to handle a situation 
can also make inappropriate decisions. Accordingly, Endsley’s model (Endsley, 1995) illustrates 
that SA supports decision making but is not tantamount to decision making. High SA does not 
guarantee appropriate decisions or performance, and low SA does not always lead to bad decisions 
or lower performance.  
 
SA can be described with reference to various subcategories (Endsley, 1995). In the present thesis, 
focus is on driver SA with regard to safety-relevant objects in the traffic environment.  
8.1 Conclusions regarding situation awareness 
Auditory warnings can make drivers aware of events happening outside their visual field. For 
example, an appropriate sound can increase driver awareness of a school bus that has stopped out of 
sight over the next crest in a road. 
 
In addition to correct SA, the speed at which SA develops is an essential factor in safety-critical 
situations. If the sound takes a long time to process, the driver may not have enough time to make a 
decision and appropriately respond to the situation.  
 
Furthermore, although a sound may increase a driver’s awareness of a particular event on the road, 
it can also hinder driver awareness of other events. SA is a continuously updating state that requires 
continuous access to informational cues in the traffic environment. Endsley (2000) mentions the 
following threats to SA: attentional tunnelling, requisite memory trap, workload, anxiety, fatigue 
and other stress-inducing factors, data overload, misplaced salience, complexity creep, errant 
mental models and out-of-the-loop syndrome. Wickens et al. (1999) mentions the following four 
factors as influencing the quality of diagnosis and situation awareness: perception, attention, long-
term memory and working memory. For example, if an auditory warning contributes to attentional 
narrowing, SA could decrease.  
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9.1 Study 1 
Aims 
Study 1 examined the benefits and costs of three different types of sound (non-verbal meaningful 
sound, non-verbal arbitrary sound, and verbal sound) that were designed to enhance the awareness 
of commercial drivers in critical traffic situations. The primary aim was to examine the relative 
levels of cognitive effort associated with various sounds once the drivers had learned them. The 
differences in learnability and perceived annoyance for the different sound types were also 
investigated.  
 
Methodology 
Each sound type contained five different sounds. These sounds were presented in six spatial 
locations around the drivers and represented a total of 30 critical driving situations. For the 
meaningful sounds, we used the sounds that road objects use to get attention (e.g., we used a car 
horn to represent a car). These sounds would typically have been referred to as auditory icons in 
previous research. The arbitrary sounds were musical in nature and differed in terms of their timbre, 
melody and rhythm. These sounds would typically have been referred to as abstract earcons or 
simply earcons in previous research. The verbal sounds were keywords such as “truck” and 
“pedestrian” (in Swedish) that stated the name of the road object. 
 
Eighteen truck drivers participated in the experiment. During a learning session, the drivers were 
allowed to practice on the three sound types until they felt comfortable with the intended meaning 
of the sounds. Both the learning time and the number of trials were monitored for each sound type. 
Cognitive effort was estimated using a dual-task setup in which drivers responded to sounds while 
performing a Lane Change Test (LCT). The drivers responded to the sounds using a touch screen 
that presented four driving situations simultaneously. Response accuracy and response speed was 
monitored to estimate cognitive effort. At the end of each driving session, the drivers rated their 
perceived annoyance and cognitive effort using a 7-point rating scale.  
 
Results 
The results clearly showed differences between the sound types with regard to learnability, 
cognitive effort and annoyance. The arbitrarily mapped sounds required more learning time and a 
greater number of trials compared to the other sounds. The arbitrarily mapped sounds were also 
associated with lower performance levels during the simulated driving task. In fact, all 18 drivers 
performed worse when exposed to the arbitrary sounds than when exposed to the other two types of 
sounds. The drivers also found the arbitrary sounds to be more annoying than the meaningful non-
verbal and verbal sounds. 
 
Contribution 
Previous studies have shown that meaningful sounds (otherwise known as auditory icons) improve 
performance as measured using similar dependent variables as in the present study (e.g., Graham, 
1999). However, although study 1 supports the conclusions of previous studies, it also contributes 
new information to our understanding of meaningful sounds and their impact. 
 
First, the study shows that extended learning cannot easily compensate for arbitrary mapping 
between sounds and critical road events.  
 
Second, although previous studies have advocated the use of auditory icons to provide in-vehicle 
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warnings, they have often focused on just a few driving situations (e.g., forward collision 
warnings). The present study used spatially presented auditory warnings to represent 30 different 
traffic events.  
 
Third, the result show that annoyance may be higher for arbitrarily mapped sounds compared to 
meaningful sounds. Studies on annoyance and auditory warnings have primarily focused on the 
roles of acoustical parameters (urgency-related) and learned meaning. In contrast, the present study 
indicates that the level of annoyance also depends on the appropriateness of the mapping between 
the sound and what the sound represents. However, all sounds used in the study had unique acoustic 
properties, and these results do not eliminate the possibility that abstract warnings were perceived 
as more annoying because of their specific physical characteristics. 
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9.2 Study 2 
Aims 
Study 2 examined how the acoustic parameters of warnings influence annoyance among 
commercial drivers and impact the ability of those drivers to respond to events on the road that are 
unrelated to the warning. The study examined the following two main hypotheses: 
 
1. Warning signals with a higher level of psychoacoustic urgency (conveyed by acoustic 
parameters) will be perceived as more annoying by commercial truck drivers. 
 
2. Warnings that express higher levels of psychoacoustic urgency have a negative effect on 
truck drivers’ ability to detect and respond to a subsequent, unpredictable change on the 
road ahead. 
 
Methodology 
Two warning signals were designed for this study that were used to warn drivers about pedestrians 
standing on the roadside. Both warnings started with a brief verbal message: “pedestrians” (in 
Swedish). The verbal message was followed by one of two patterns of tone bursts that were 
designed to express significantly different levels of urgency. 
 
A stimulus evaluation was conducted (unrelated to the main experiment) to investigate the relative 
potential of the two warning sounds to trigger emotional reactions. It was found that the high-
urgency warning was considered both more alarming and more annoying than the low-urgency 
warning.  
 
The main experiment was conducted with 24 commercial drivers in the VTI Driving Simulator III 
in Linköping, Sweden. The drivers drove on a track for 25 to 30 minutes. Several times during each 
trial, unexpected critical events occurred only seconds after the drivers had been presented with an 
unrelated high-urgency or low-urgency warning. The drivers had to brake to avoid a collision. 
Brake response time and the force of each driver’s response to the unrelated event were the main 
dependent driving variables in the study. 
 
Results 
Thirteen of the 24 drivers rated the high-urgency warning as more annoying than the low-urgency 
warning, and 9 drivers rated both auditory warnings as equally annoying. In addition, a negative 
correlation emerged between the degree of driving experience and the rated annoyance level of both 
warnings. 
 
The drivers braked significantly harder (and tended to brake later) in the first critical driving 
situation after receiving a high-urgency warning than after receiving a low-urgency warning. 
 
Contribution 
Several studies (e.g., Marshall et al., 2007) have examined the relationship between the acoustical 
properties of warnings (which indicate the level of urgency) and the annoyance that those signals 
cause. Study 2 examined how such characteristics influence annoyance levels but it also considered 
another negative side effect of high-urgency warnings, their potential to negatively impact drivers 
ability to respond to unrelated events on the road. Thus, the results of study 2 complements those of 
previous studies that examined annoyance and response times, as associated with auditory 
warnings. The following two main conclusions can be drawn from the results: 
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First, the results support the notion that the acoustic parameters of a warning can impact driver 
responses to unexpected, unrelated events. Future research should examine the influence of acoustic 
parameters (which, again, are urgency related) on less experienced drivers. 
Second, the results indicate that annoyance of auditory warnings in commercial vehicles cannot be 
predicted based on acoustical parameters alone. As has been proposed by other researchers, both 
annoyance and urgency ratings may depend on learnt meaning (e.g., McKeown, 2005), and 
annoyance may result when the sound interferes with ongoing cognitive tasks (Zimmer, 2008). The 
results of this study also indicate that annoyance ratings are related to driver experience.  
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9.3 Study 3 
Aims 
The results of study 1 suggest that meaningful sounds (auditory icons) can be less annoying than 
arbitrary mapped sounds. However, previous research has indicated that commercial drivers do not 
perceive auditory icons as serious warnings. Thus, the primary aim of study 3 was to examine the 
degree to which commercial drivers initially accepted auditory icons as warning signals. A 
secondary aim was to examine the underlying factors that affect the acceptance of auditory icons as 
warnings in trucks.  
 
Methodology 
Twenty-two commercial drivers participated in the evaluation. The trials were conducted inside a 
Scania R truck cabin. Two complementary methods were used to examine the acceptance of five 
auditory icons associated with critical driving situations.  
 
The first method involved the use of a sound selection task. The drivers watched recorded videos of 
the different driving situations (projected in front of the cabin) and selected an auditory warning for 
each situation. The subjects could select one of three warning modes for each situation: no warning, 
a brief abstract auditory signal (arbitrarily mapped), or an abstract auditory signal and an auditory 
icon played in sequence. The participants were able to select one of 162 abstract sounds for each 
situation, but there was only one auditory icon for each driving situation.  
 
Second, after the trial, the subjects rated the auditory icons for the five situations using a method 
presented by Van der Laan, Heino and De Waard (1996). The method involves the use of nine 5-
point rating scale items for two values, “usefulness” and “satisfaction”. 
 
Results 
The results of the sound selection task showed that in two of the driving situations, 18 and 17 of the 
22 drivers selected the auditory icon. In the other driving situations, only 5 to 7 participants selected 
the auditory icon.  
 
The two most commonly selected auditory icons in the sound selection task received significantly 
higher usefulness and satisfaction scores than some of the other auditory icons. This was especially 
apparent for their usefulness scores.  
 
A logistic regression analysis revealed that the usefulness and satisfaction scores were both 
significant predictors of selection in the sound selection task for three of the five auditory icons. 
The drivers that gave a sound a high score were more likely to select the sound in the selection task. 
Furthermore, strong positive correlations between usefulness and satisfaction scores were found for 
4 of the 5 auditory icons.  
 
Contribution 
Study 3 shows that the initial acceptance of auditory icons as warning signals in commercial 
vehicles is generally neither high nor low; instead, acceptance varies significantly from one warning 
to the next in different driving situations. However, the results clearly show that the initial 
acceptance levels for these sounds can be high. Thus, developers should seriously consider using 
auditory icons as warnings in commercial vehicles instead of arbitrarily mapped sounds or simple 
beeps. 
 
The study also offers some indications regarding why certain auditory icons are preferred or not as 
 24 
warning signals. The results illustrate that if the drivers find a sound to be more useful (as employed 
by Van der Laan et al. (1996)), they are also more prone to select the sound for a warning system. 
The satisfaction associated with the auditory icons was also a predictor of the drivers’ decisions in 
several driving situations. Therefore, the result confirms that an unpleasant experience (e.g., 
annoyance and unpleasantness) is often not considered an appropriate property for auditory icons, 
when the sounds are used to increase commercial drivers’ awareness of safety critical events. 
 
However, it is of limited help for practical warning design to know that perceived usefulness and 
satisfaction (as employed by Van der Laan et al. (1996)) are important characteristics of auditory 
icons used as warnings, unless we do not also know what it is that makes the sound perceived as 
useful and satisfactory. One interesting result (not mentioned in the paper) is that the two most 
frequently selected auditory icons, which also received the highest usefulness and satisfaction 
scores from drivers, were auditory icons that warned about dangers that were not perceived visually 
by the driver. In the other three critical situations, the danger appeared in the forward driving 
direction as a natural part of the situation. Thus, the results indicate that initial acceptance for 
auditory icons may be especially high when the sound increases awareness of dangers that would 
not otherwise be perceived visually. 
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9.4 Study 4 
Aims 
In study 4, a questionnaire was used to examine the opinions of vehicle developers and commercial 
drivers regarding properties of warnings that have been identified as potentially important in 
previous research. The motive of the examination was to identify helpful aspects of the developers’ 
and drivers’ opinions, using them to maximise the success of warning design and avoid some of its 
pitfalls. The following research questions were addressed:  
 
1. Which attributes of auditory warning signals do vehicle developers and commercial drivers 
consider important? 
 
2. Are there differences in the developers’ opinions regarding warning signals of different 
levels of urgency? 
 
3. Are there differences between the opinions of vehicle developers and those of professional 
drivers? 
 
Methodology 
The questionnaire was based on a previous survey conducted by Tan and Lerner (1995). The 
questionnaire was distributed to 50 developers working at Scania CV AB in Sweden and 76 
commercial drivers working in Sweden. The response rate was 68 % for the developers and 54 % 
for the drivers.  
 
The participants ranked nine warning attributes using a 5-point scale ranging from 1 (not at all 
important) to 5 (very important). The subjects provided ratings for both a low-urgency situation and 
a high-urgency situation.  
 
In evaluating the low-urgency situation, the participants were instructed to imagine that a school 
bus had stopped 400 metres in front of their own vehicle. In evaluating the high-urgency situation, 
the participants were instructed to imagine that their own vehicle was about to collide with another 
vehicle or object.  
 
Results 
The results showed that both drivers and developers ranked most of the investigated attributes as 
very important. For example, both developers and drivers agree that it is important that auditory 
warnings are easy to understand and prepare the driver to respond.  
 
For the developers, the perceived importance of seven of the nine investigated attributes differed 
significantly in the high-urgency situation versus the low-urgency situation. It is especially notable 
that 41 % of the developers rated it unimportant whether the high-urgency warning was annoying. 
In addition, 12 % of the developers rated it unimportant whether the high-urgency warning was too 
startling. 
 
The results suggests that in a high-urgency situation, developers may find it especially important 
that the warning triggers an appropriate orienting response, that it prepares the driver to respond, 
that it is clearly audible, and that it is easy to distinguish from other sounds in the environment. In 
the low-urgency situation, the developers found it more important that the warning is not annoying 
to drivers, that it has an appropriate urgency level, that the driver accepts it, and that it is not too 
startling. 
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A number of significant differences emerged between ratings by developers and drivers. For 
example, drivers found it significantly more important that the high-urgency warning is not 
annoying.  
 
Contribution 
The results of study 4 illustrate the relationship between scientific findings regarding the attributes 
of auditory warnings and the subjective relevance of those findings for vehicle developers and 
commercial drivers. Some interesting overall findings emerged. 
 
First, both groups recognised the importance of many of the investigated warning attributes. Given 
the vast number of studies that have asserted the importance of developing warnings that are easy to 
understand, it is especially interesting to see that both groups recognise this attribute as very 
important. 
 
Second, the results show that developers may be prone to employ a “better safe than sorry” strategy, 
not seeking to avoid annoyance or even severe startling responses, when designing high-urgency 
auditory warnings. Similar strategies for warning design have been reported to occur in various user 
environments (Patterson, 1990).  
 
Third, the results show in what ways developers may prioritise differently when designing auditory 
warnings for situations of different levels of urgency. 
 
Forth, the study identified differences between the opinions of developers and those of professional 
drivers. These differences should be further investigated, and they also suggest that drivers should 
be involved in the process of designing auditory warnings.  
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One objective of the present thesis was to examine the relationships between the characteristics of 
auditory warning signals in commercial vehicles and indicators of traffic safety. A second objective 
was to examine the opinions of system developers and commercial drivers regarding potentially 
important warning attributes. The main results and conclusions of the thesis are described below.  
 
The role of context-specific meaning in sound 
Study 1 support that sounds that are meaningful to drivers and have a relationship to the object or 
event that they represent can be effective warning signals. In comparison with arbitrarily mapped 
sounds, meaningful sounds (auditory icons) are easier to learn, support more rapid and more 
accurate situation awareness, and cause lower levels of annoyance. It seems like meaningful and 
relevant sounds, in combination with spatially distributed loudspeakers, allow drivers to easily learn 
and recognise a significant number of critical traffic situations, only based on the sound. The faster 
and more accurate processing observed for these sounds also indicates that drivers need to invest 
less mental resources when processing a warning. This should leave them more mental resources to 
navigate the critical driving situation.  
 
Previous research has noted that commercial drivers may be sceptical about the use of auditory 
icons as warnings because they do not consider them to be serious warnings (Belz, Robinson & 
Casali, 1999). However, study 3 finds that initial acceptance rates for using auditory icons as 
warnings can be very high. Also, the study indicates that acceptance can be especially high for 
auditory icons that increase drivers’ situation awareness about road dangers when such dangers may 
not be readily perceived visually through the traffic environment. 
 
Warning properties and attention  
Study 2 examined the relationships between the acoustic parameters of warnings and drivers ability 
to respond to events in the traffic scene that is unrelated to the warnings. The results do not support 
the view that more urgent auditory warnings increase drivers’ response times to events in the traffic 
that is unrelated to the warning. However, the results suggest that researchers should continue to 
investigate the negative effects of high-urgency auditory warnings, especially their effects on less 
experienced and novice drivers.  
 
Warning properties and annoyance 
Previous research on annoyance associated with auditory warnings with particular design 
characteristics has, to a large extent, focused on the effects of acoustical parameters. The results of 
the studies presented here show that annoyance is a complex phenomenon that cannot be predicted 
based on acoustical parameters alone. This finding, in turn, indicates the importance of 
investigating the annoyance associated with warnings via studies of real commercial drivers, and 
preferable in their natural driving environment.  
 
Because annoyance related to warning design can depend on several factors, it is insufficient to 
investigate the annoyance per se. It is also important to consider the underlying reason why the 
experience is unpleasant. Several factors that contribute to the annoyance associated with warnings 
may be more easily minimised (e.g., inappropriate mapping between the sound and the event), but 
others may be more difficult to address (e.g., annoyance related to the fact that warnings catch 
attention and indicate danger).  
 
Study 4 points out that some developers are unconcerned about whether or not high-urgency 
warnings are annoying. These results are a bit worrying. If developers are unconcerned about 
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whether the sound is annoying (or even extremely startling) they may not aim to minimise the 
negative experience of these sounds, leading to a range of possible unnecessary negative effects. 
Some possible effects have been pointed out in this thesis, including increased driver workload 
(Wiese et al., 2004), more users turning the sound or warning system off (Block et al., 1999), more 
risk-taking drivers (King & Parker, 2008), and potentially more attention directed towards the 
annoying system rather than the road. 
 
Study 4 supports the notion that commercial drivers, in comparison with vehicle developers, find it 
significantly more important that high-urgency warnings informing them about traffic events are 
not annoying. Furthermore, study 3 indicates that drivers often consider an unpleasant experience to 
be a negative quality for warnings (auditory icons) that are designed to increase their situation 
awareness. 
 
Opinions of developers and drivers about warning attributes 
Study 4 illustrates that according to both vehicle developers and professional drivers, there exists a 
range of potentially important attributes of auditory warnings. It is especially promising and quite 
interesting to see that both groups recognise that warnings should be easy to understand.  
 
Also, study 4 shows how developers may prioritise differently when designing warnings for 
situation of different levels of urgency. In a high-urgency situation, they found it especially 
important that the warning triggers an appropriate orienting response, that it prepares the driver to 
respond, that it is clearly audible, and that it is easy to distinguish from other sounds in the 
environment. In the low-urgency situation, they rated it especially important that the warning is not 
annoying, that it has an appropriate urgency level, that the driver accepts the warning, and that it is 
not too startling. 
 
The differences found between developers and drivers’ opinions for some of the warning attributes 
suggest that drivers should be invited to take part in the design process of auditory warnings.  
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A significant body of research has involved investigating the effects of auditory warnings on 
humans in general and in different types of user contexts. Nevertheless, considering the present 
state of knowledge in the field, it is difficult to predict what sound will be the best for a specific 
warning function or driving situation. Research has identified a number of potentially important 
attributes of auditory warnings that should be considered when auditory warnings are implemented 
in vehicles. However, it remains the responsibility of the system developers to design the sound and 
test whether it possesses the appropriate attributes in its unique context.  
 
Even though developers recognise the importance of warning attributes (as noted in study 4), they 
do not necessarily know how to design the warnings or how to conduct tests to investigate the 
appropriateness of the warnings. Currently, there is a lack of audio design processes and tools that 
are specifically designed to help vehicle developers in this area. In an effort to facilitate vehicle 
system developers, the present research project has been involved in the development of two new 
audio design tools. One tool is a design process that has been specifically adapted for the design of 
in-vehicle auditory warnings. The second tool is a web-based interface called the Participatory 
Audio Research Tool (PART), which can be used to gather the opinions of end-users (e.g., drivers) 
on auditory cues (e.g., in-vehicle auditory warnings). Both of these tools are described in the 
Appendix. 
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The aim in developing the present tool has been to create a user-centred design process for the 
development of in-vehicle auditory warnings. That is, the intention has been to create a design 
process that is especially adapted for the design of warnings in the automotive industry and that can 
be used by developers of various types of in-vehicle systems. 
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&+'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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The design process for auditory warnings presented by Ulfvengren (2003) was the starting point for 
the development of the present design process. Ulfvengren’s proposed design process is one of a 
few user-centred design processes for auditory warnings that have been published. The approach is 
based on a previous design process suggested by Stanton and Edworthy (1998), which, in turn, is 
based on a standardised method for evaluating public information systems (ISO/DIS 7001, 1979).  
 
Shaping the new design process was conducted in collaboration with eight developers working with 
different aspects of sound and system design at the Swedish truck manufacturer company Scania 
CV AB. During two focus group interviews and one workshop (each meeting lasted approximately 
90 minutes), various aspects of the design process were discussed.  
 
The first focus group interview and the following workshop focused on the following three main 
questions: 
 
1. What are the important attributes of auditory warnings for in-vehicle systems?  
2. What tests should be used to examine the appropriateness of the auditory warnings?  
3. In what order should the tests be conducted when they are performed as parts of an in-
vehicle system development process? 
 
In the workshop following the first interview, the developers were divided into two groups. Each 
group was asked to make suggestions about how to test potentially important attributes of auditory 
warnings and in what order those tests should be conducted. A major conclusion derived from the 
workshop was that developers found it challenging to identify what specific tests to use when 
investigating various warning attributes. However, the developers offered ideas regarding when 
tests could be performed as a part of the design process of in-vehicle systems. 
 
After the workshop the moderator created a first prototype for a design process. The structure of the 
process was similar to the iterative process suggested by Ulfvengren (2003); however, the prototype 
contained a number of new steps and specified the context in which to test in-vehicle warnings. The 
prototype design process was then presented to the participants during the second focus group 
interview. In this interview, the vehicle developers were invited to contribute ideas about how the 
process might be changed and further refined to make it as useful as possible when designing in-
vehicle systems. Several aspects of the prototype process were changed according to the 
participants’ suggestions after the interview. 
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,))&+-)*!'&'+ 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The most recent version of the design process is presented in figure 1. The process is iterative, 
which means that the various steps may be repeated several times. It also means that it is likely that 
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many sounds that enter the design process will not remain throughout the entire process. 
 
  
 
Figure 1  The current version of the design process. 
The process is divided into ten steps. The first step is a requirement analysis, which is followed by 
development of prototype sounds. As indicated in the process, decisions made in these two first 
steps are incorporated, along with design decisions for other sensory modalities. For example, it 
might be decided to use a certain combination of sensory modalities to warn the driver. The 
development of prototype sounds is followed by four individual tests that are conducted to test the 
appropriateness of the prototype sounds. These four tests are performed on the auditory part of a 
warning, even though the intention is to use a multimodal solution. Thereafter, the suitability of 
complete warning solutions (sound or multimodal) is investigated using a driving simulator and/or 
test-track. Finally, the driver’s acceptance of the warnings is investigated after prolonged use. The 
ten steps of the process are described in more detail below. 
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In the future, decisions regarding whether to use sound to warn drivers may become increasingly 
determined by legislative demands. Currently, however, it is almost entirely the responsibility of the 
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vehicle developers to decide whether or not to use sounds as warnings in ITS. A good starting point 
for such decisions may be the guidelines that have been published regarding the suitability of 
sounds for different types of driving situations and for providing information; see Campbell et al. 
(2006). Furthermore, in a user-centred design process, it is preferable that the need for a warning 
sound be determined by considering the opinions of end-users, i.e., drivers.  
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(63*!&()'+'+/(*',&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In this step, a number of prototype warning sounds are designed. This step may involve decisions 
regarding what type of sound to use (e.g., speech or non-speech sound). Primarily, this step 
addresses the free generation of ideas, and therefore, no precise method needs to be followed. 
However, a number of possible instruments exist involving users that may be helpful, such as the 
Rich Use Scenario (Pirhonen et al, 2006), Vocal Sketching and Metaphorical Sound Design (Hatch 
& Pirhonen, 2011). The Participatory Audio Research Tool, which is presented later in this 
appendix, may be another valuable tool for gathering opinions about possible designs from drivers. 
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The aim of an associability test is to test how easily sounds can be associated with a dangerous 
situation. This stage may involve a learning test, i.e., a test that investigates the number of trials 
needed to learn the meaning of the sounds. Another method that may prove to be useful is a so-
called sound-imagery test (Ulfvengren, 2003), in which the participants begin by pairing individual 
sounds with a range of possible meanings. Then, the participants rate the strength of those sound-
meaning mappings. The results provide both an objective and a subjective measure of the strength 
of the sound-meaning mapping. 
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&/+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This stage aims to investigate whether the perceived urgency level of the sound corresponds well to 
the urgency of the situation. One easy way to conduct such a test is to allow drivers to rate both the 
urgency of the sound and the urgency of the situation and then compare the two results. Ratings of 
the perceived urgency can also be complemented with ratings of emotional reactions to the sounds 
(arousal and valence), which can be conducted by using the Self-Assessment Manikin presented by 
Bradley and Lang (1994). 
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(93,!!$!+/+*+
An auditory warning may be completely or partially masked by other sound sources, such as tires, 
the wind, the engine, the radio or other sounds from in-vehicle systems. The aim of an audibility 
test is to investigate whether the sound, or important parts of the sound, could be masked by other 
sound sources. Recordings of the sound environment may be analysed, along with the auditory 
signal, to identify where in the frequency range problems may arise. Typical responses to a masking 
problem would be to decide whether to change the intensity or frequency content of the auditory 
signal or to attempt to reduce/remove the masking sound source. For example, muting the radio 
when a warning is played could be one way to remove a masking sound.  
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(:3!*+!&,!* !$!+/+*+ 
The aim of this test is to investigate to what extent an auditory cue can be distinguished from other 
auditory signals inside the vehicle. One approach to such an investigation would be to analyse 
existing auditory signals to identify any sound that has acoustic or semantic similarities with the 
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prototype sound. If any significant similarities are found, a listening test should be conducted to 
investigate to what extent drivers confuse the sounds. 
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(;3+,/%'+!'&$)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The aim of this test is to investigate drivers’ affective responses when they receive a warning and 
experience the dangerous situation. For example, too low or too high arousal levels may not be 
appropriate, depending on the characteristics of the driving situation. Furthermore, negative 
emotions may signify an inappropriate warning design. Drivers’ emotional reactions can provide 
valuable input to decisions about whether the auditory cue should be replaced, with the goal of 
impacting their affective state in a different way. One way to conduct this investigation would be to 
allow drivers to rate their emotional reaction immediately after they experienced the dangerous 
situation by using the Self-Assessment Manikin (Bradley et al., 1994).  
+(<3+,/-!*,$ -!',)&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This test aims to investigate drivers’ visual behaviour and driving behaviour after a warning has 
been triggered. Common driving variables that are often of interest in an urgent situation, and that 
are relevant for warning effectiveness, are response time and accuracy of response. Depending on 
the situation, it might be relevant from a safety perspective to also investigate other driving 
variables, such as lateral position on the road. Visual behaviour is studied to determine whether the 
warning causes drivers to scan the appropriate areas of the driving scene after they receive a 
warning. The visual behaviour can be measured using either eye-tracking or head-tracking 
technology. 
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A simulator study offers drivers the possibility to experience the sounds during relatively realistic 
circumstances. This capability, in turn, offers opportunities to study drivers’ initial acceptance of 
the warnings. One way to accomplish this is by using the established method based on subjective 
rating items suggested by Van der Laan, Heino and De Waard (1996). However, we recommend 
that the subjective quantitative ratings should be complemented with a qualitative interview. An 
interview that asks drivers to explain why they perceived the sound in a certain way can provide 
developers with a better understanding of how eventual problems related to acceptance of the sound 
can be minimised. 
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The ITS development process may allow developers to test the acceptance by users of the warning 
signals after prolonged use. For example, field tests may be conducted on an in-vehicle system for 
longer periods of time to examine the reliability of the system. In such an acceptance test, it is 
preferable to use the same method that was used when examining the initial acceptance of the 
warning. Using the same method allows developers to compare the results between tests and to 
draw conclusions regarding how acceptance of the warning is affected by extended use of the 
system.  
'%!&$)%)#*
Following the suggested design process does not guarantee that the best auditory warning will be 
found. However, working according to the process would require in-vehicle system developers to 
consider many potentially important attributes of auditory warnings. Furthermore, the process offers 
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a structure that developers can follow when they are involved in an ITS development process. With 
these aspects taken together, following the process should minimise the risk that inappropriate 
auditory warnings are implemented in the driver’s environment.  
 
The process should not be considered to be a final version. Rather, it should be seen as a foundation 
or base that can be further developed and adapted as new insights in warning design are gained. 
Furthermore, the process has not yet been tested in a real design case. Such tests may reveal new 
ways in which the design process should be changed. 
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The Participatory Audio Research Tool (PART) is a system that has been developed at the 
Interactive Institute - Sonic Studio in Sweden. The following description of the tool is based on a 
more extended description provided by Fagerlönn and Liljedahl (2009). The main goal of PART is 
to facilitate system developers to gather opinions from end-users regarding sound design for 
specific user situations. The tool draws together the user (e.g., a commercial driver), the context 
(e.g., a critical driving situation) and the sound (e.g., a warning) to find a sound design that is 
optimal for a specific situation. 
 
PART shares some fundamental ideas with the research tool Relations Between Musical Parameters 
and Perceived Properties (REMUPP), an application that was developed by Interactive Institute–
Sonic Studio and that has been previously evaluated in the field of music pedagogy. Like REMUPP, 
the idea of PART is to allow the participants to respond to an experience using the medium of 
sound itself, without the need to translate the sound into other modes of expression (e.g., words). 
Instead, the user is given control over the auditory stimuli and is encouraged to modify the sound to 
adapt to one or more user situations.  
  
There are some potential benefits for having the participants make judgements on the basis of sound 
(rather than words). Sound design may be challenging to discuss, especially for people who lack 
knowledge in the area and who are not conversant in the common terminology. Experienced users 
are likely to be able to identify and judge various user situations appropriately and insightfully. 
However, these users are not necessarily able to easily suggest modifications to sound designs on a 
detailed level. Accordingly, PART does not require any experience or knowledge in sound design. 
 
 
 
Figure 2  Participatory Audio Research Tool (PART). The user situations are represented by 
images or videos. By using the radio buttons in the lower part of the screen, users can adapt the 
sound to the situation. 

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The PART system consists of a client-server application. The client side has two main interfaces. 
One interface is used by developers and researchers to prepare test sessions (e.g., by uploading 
videos and sound files) and to extract data for statistical analysis. The other interface (see figure 2) 
is used by the participants to select sounds that they consider appropriate to user situations. 
 
A user situation is represented in the interface by an image or video. The participants can select 
among user situations that are represented by the tabs to the right of the presented situation. The 
radio buttons at the bottom of the interface are used to select sounds for the situations. The buttons 
are organised in columns, and each column corresponds to a specific sound parameter. For example, 
changing the button configuration in one column may change the speed of the sound, while the 
other parameters of the sound are kept constant. If a user situation is represented by a video, the 
participant can also decide at what point in the course of the situation the sound should be played. 
This feature can be used, for example, when gathering drivers’ opinions about the appropriate 
timing of a warning. 
 
The investigated sound parameters, and the ways in which the parameters can be changed, can be 
referred to as an “audio design space”. That is, the participants are given some control over the 
auditory stimuli but only within the limits determined by the constructed design space.  
 
It is important to emphasise that the PART system does not actually modulate the sounds. The idea 
is that the interface gives the participants the impression that they are modulating certain parameters 
of the sound. However, all possible variations need to be rendered beforehand and uploaded as 
sound files to the system server.  
'**!!$!+!*&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PART can be used in various stages in a sound design process in which the subjective opinions of 
users are to be collected. For example, the tool can be employed in situations in which drivers are 
invited to give their opinions on auditory warnings for specific user situations. Another interesting 
application would be to offer end-users the ability to personalise their own sounds for systems in 
their personal working environment (e.g., a truck cabin). A third possible use of the system is for 
scientific investigations that aim to increase our understanding of the relationships between sound 
properties and characteristics of user situations. In a scientific study, the system can be used alone, 
or it can be used in combination with a more traditional listening test to produce higher confidence 
results. 
 
End-users of systems and interfaces might be found in various parts of the world. PART was 
intentionally developed to be a web-based application, which allows for the rapid investigation of 
global similarities as well as cultural differences. Certainly, performing studies over the Internet 
may be problematic in terms of control, and developers would need to make the necessary 
arrangements to minimise confounding variables and to support test validity. 
 
The ways in which sounds are structured in the design space of PART offer some practical 
limitations. For example, providing users with a “design space” with three sound parameters in four 
steps will require 64 sound files to be uploaded to the system. However, six sound parameters in 
four steps will require 4096 sound files. Consequently, PART may be best suited for investigations 
in which system developers have a general idea about what sounds to use but want to gather the 
opinions of end-users regarding some particular aspects of the sound (e.g., different beginnings and 
ends of the sound). 
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Abstract: In-vehicle information systems (IVIS) may contribute to increased levels of cognitive 
workload, which in turn can lead to a more dangerous driving behaviour. An experiment was 
conducted to examine the use of auditory signs to support drivers’ traffic situation awareness. 
Eighteen experienced truck drivers identified traffic situations based on information conveyed by 
brief sounds. Aspects of learning, cognitive demand and pleasantness were monitored and rated by 
the drivers. Differences in cognitive effort was estimated using a dual-task set-up, in which drivers 
responded to auditory signs while simultaneously performing a simulated driving task. As expected, 
arbitrary sounds required significantly longer learning times compared to sounds that have a natural 
meaning in the driving context. The arbitrary sounds also resulted in a significant degradation in 
response performance, even after the drivers got a chance to learn the sounds. Finally, the results 
indicate that the use of arbitrary sounds can negatively impact driver satisfaction. These results have 
implications for a broad range of developing intelligent transport systems designed to assist drivers 
in absence of fundamental visual information or in visually demanding traffic situations. 
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Technical development of intelligent transport systems (ITS) is often associated with expectations 
of their potential to increase traffic safety [1]. But systems designed to give information could 
potentially disrupt the driver’s ability to maintain full attention on the driving task. This in turn may 
lead to a more dangerous driving behaviour [2–4] and increase the risk of traffic accidents [5]. 
Additional tasks might be especially problematic in urgent, unusual and complex situations that 
already put high demands on the driver’s limited attentional resources. 
 
Presenting information visually may not be optimal. Researchers have reported that increased visual 
load can have negative effects on both detection performance [6] and lane keeping [3]. Thus, 
interfaces that allow the driver to keep their eyes on the road, such as combined visual and auditory 
solutions, can be more appropriate from a safety point of view. But research has also demonstrated 
that involvement in non-visual tasks can have a negative impact on safety. Engström et al. [3] found 
that an auditory continuous memory task resulted in increased gaze concentration towards the road 
centre. Numerous studies have reported negative effects of mobile phone conversation on workload 
and attention [2, 4, 7].  
 
However, being involved in a verbal conversation is not the same as listening to sounds. McCarley 
et al. [8] concluded that the negative impact on visual search seen during natural telephone 
conversation was most likely due to speech reproduction. On the other hand, Richard et al. [9] 
reported that cognitively demanding auditory messages (that did not require the driver to respond 
verbally) could affect voluntary visual scanning, and the ability to detect changes in the traffic 
scene. Thus, there are reasons to investigate the relative potential in auditory messages to raise 
workload during driving.  
 
  
 
In a collaboration project between Scania CV AB, Interactive Institute and Luleå University of 
Technology in Sweden, research addresses how audio design can meet the requirements of safe 
within-vehicle communication in heavy vehicles. The work presented in this article focus on the 
effectiveness of auditory signs to amplify traffic situation awareness (SA). 
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The importance of SA for safe driving has been described in the literature [10]. According to 
Endsley [11] SA is the perception of the elements in the environment within a volume of time and 
space, the comprehension of their meaning, and the projection of their status in the near future’. 
Traffic SA can be seen as one component of the more general construct of SA. Cues that strengthen 
traffic SA may be regarding other road users and dangers, their position in relation to the own 
vehicle and how the situation is evolving over time.  
 
One strategy to heighten awareness using auditory signals can be to direct visual attention to 
important events [12–14]. Fung et al. [12] demonstrated that an effective sound for a forward 
collision warning system was a simple tone of 2 kHz. The sound quickly made drivers pay attention 
to the road ahead and break fast. In a similar way, attention grabbing visual or tactile cues can be 
used to make the driver shift visual attention towards crucial information. In a recent study, Ho et 
al. [14] found that tactile cues may even be more effective that sound for this purpose.  
 
But even though attention-grabbing signals are effective for some urgent events, there are reasons 
why to examine the use of more complex sound to convey traffic related information. First, many 
types of ITS such as night vision, blind spot detection and various road user protection systems are 
introduced in vehicles to assist in conditions and areas with low or no visibility. Other systems are 
developed to make drivers aware of accident-prone areas and potential dangers, such as 
intersections, bus stops and school areas. Information through sound can be an attractive means of 
communication in absence of fundamental visual information. Further, sounds that not only catch 
attention, but also carry the relevant information, may reduce the risk of visual overload in visually 
demanding traffic situations. 
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A body of research has demonstrated how both verbal and nonverbal auditory signs can be used to 
convey information in user environments [15–18]. Evaluations of non-verbal signs have been partly 
focusing on advantages and disadvantages of sound types commonly referred to as earcons and 
auditory icons. The concept of earcons was first introduced by Blattner et al. [19], who defined 
them as ‘non-verbal audio messages used in the user–computer interface to provide information to 
the user about some computer object, operation or interaction’. Blattner et al. suggested that 
earcons, like visual icons, could be divided into following classes: representational, abstract and 
semi-abstract. Gaver [20] investigated representational earcons, although he referred to them as 
auditory icons. Gaver defined auditory icons as ‘everyday sounds mapped to computer events by 
analogy with everyday sound producing events’.  
 
Ever since first introduced, earcons, auditory icons and other sound types such as spearcons [17] 
have been described and evaluated in research [21–26]. Brewster et al. [27] have done some 
important work evaluating earcons and suggesting design guidelines. They clearly focused on 
‘hierarchal earcons’ and defined them as ‘abstract, synthetic tones that can be used in structured 
combinations to represent parts of an interface’. Auditory icons have been described as an 
alternative to earcons in that they are nonmusical [17], real-life [22], natural and every-day sounds 
  
[21].  
 
At the International Conference for Auditory Display 2008, Mustonen [28] argued that the current 
definitions of non-verbal auditory signs are not compatible with the sign descriptions of, for 
example, semiotic science. He stated that ‘most signs we encounter are neither purely abstract nor 
iconic but combine both iconic and symbolic dimensions to make sense’. Further, he pointed out 
that the same sound could be listened to with different outcomes in different situations and 
orientations. ‘When listening to interface elements we intuitively recognise familiar parts from the 
sound and construct the meaning from their relation to the situation’.  
 
Ulfvengren [18] investigated auditory warnings in aviation from a human error perspective. She 
argued that alerts should be meaningful in the context they are presented. These meaningful sounds 
are typically cues that exist naturally in the user environment, either as synthetic or non-synthetic 
sounds. One important aspect in warning design is to find signals that are easily associated to their 
assigned alert function meaning. Ulfvengren stated that ‘If a sound is possible to associate to a 
given alert function it requires fewer cognitive resources and is therefore appropriate, in this aspect, 
for auditory alert design’.
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McKeown [15] evaluated four sound types (auditory icons, environmental sounds, earcons and 
speech) to convey various types of in-vehicle information, including some traffic related 
information. Response time, accuracy of response, perceived urgency and scores of pleasantness 
were evaluated. The results clearly illustrated the potential in using sounds that have a meaning in 
the driving context. The environmental category of sounds consisted of real-world sounds that were 
likely to be familiar to drivers, but did not have any specific meaning within the vehicle interface. 
These sounds resulted in a degraded judgment performance compared to the more driving related 
sounds that McKeown categorised as auditory icons. It should, however, be pointed out that the 
response task used in the experiment was not accompanied by a concurrent driving task.  
 
Vilimek and Hempel [21] investigated different sound types (auditory icons, earcons, keywords and 
long speech messages) to convey non-critical information in vehicles. Affects on short-term 
memory and choice reaction performance were collected. Earcons resulted in degraded response 
times compared to other sound types, while the long speech messages had a negative impact on 
serial recall. As in the study by McKeown, this experiment did not include a concurrent driving 
task. Also, the study focused on information related to vehicle functions, and no information about 
traffic events was included. 
 
Chen, Qvint and Jarlengrip [29] evaluated the use of a 3D sound reproduction technique to improve 
traffic SA in a number of traffic situations. This study was conducted in a driving simulator and 
focused on driver acceptance. The authors concluded that auditory icons are suitable to this 
application due to their intuitiveness, distinguishability and relatively low degree of disturbance’.  
 
Auditory icons seem to be more appropriate sounds to convey in-vehicle information than other 
sound types that has been evaluated in research, at least from a human information processing 
perspective. This is however not surprising. Mustonen [28], for example, wrote ‘the important 
difference of the earcon paradigm is that the design in auditory icon paradigm has been more 
focused on how the sound itself, through similarities and metaphors motivates the meaning creation 
process’. Auditory icons often sound like what they represent. This tends to make them meaningful 
to users in the specific context they are presented. 
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Is context-specific meaning an important aspect to consider when designing auditory signals for 
traffic SA? The purpose of the study was to examine differences in learnability, cognitive demand 
and pleasantness for brief sounds that have a natural meaning in a driving context, and sounds that 
have been arbitrary mapped to traffic information. Prior to the experiment it was predicted that 
sounds that have a meaning in the driving context would be easier to learn compared to arbitrary 
sounds. The primary aim of the experiment was to investigate differences in cognitive effort after 
the drivers got a chance to learn the meaning of sounds. Differences in cognitive effort were 
estimated using a dual-task set-up, in which drivers responded to auditory signs while 
simultaneously performing a simulated driving task. Another aim of the study was to examine how 
the use of arbitrary sounds can impact driver satisfaction. 
>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
615,"+*
Eighteen truck drivers (17 males and 1 female) with self-reported normal hearing participated in the 
study. Their ages ranged between 22 and 61 (mean 39). Their truck driving experience ranged 
between 2 and 32 years (mean 16.8) and self-reported annual driving ranged between 2000 and 150 
000 km (mean 75 410 km). 
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An illustration of the experimental setting is presented in Fig. 1. The experiment was conducted in a 
Scania R truck cab. A 10,4’ touch monitor (Lilliput Electronics, CA, USA) showing videos of four 
hazardous traffic situations simultaneously during the driving sessions was positioned 
approximately on one arm length to the right of the driver. The video clips were brief .gif 
animations (1.26 s in length, continuously repeating), showing traffic situations from above. 
 
 
 
Figure 1  Experimental set-up. 
  
 
A lane change test represented the driving task. The visual driving scene was projected using an 
Optoma EP 755 XGA DLP projector (Optoma Technology Inc., CA, USA) projecting an image 
3.34 m in front of the cabin.  
 
Presentation of auditory stimuli, traffic situations and the monitoring of driver responses were 
handled by a Java application running on a Lenovo Thinkpad T60 (Lenovo, NC, USA). Sound files 
were processed using a Kontakt 3 sampler (Native Instruments, Berlin, Germany) and an E-MU 
1616m digital sound card (E-MU Systems Inc., CA, USA). The sounds were presented to 
participants at a comfortable listening level through an Anthony Gallo Nucleus Micro 5.1 channel 
speaker system (Anthony Gallo Acoustics Inc., CA, USA). 
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Two sets of non-verbal auditory signs were designed prior to the experiment. Each set contained 
five sounds mapped to road users (car, truck, pedestrian, children and bicycle). The first set of non-
verbal auditory signs (arbitrary) consisted of five short musical motives. Brewster et al. [27] has 
suggested how musical timbre and rhythm can make sounds distinguishable from each other. 
Different rhythms and timbres were selected to make the sounds easy to tell apart. The second set of 
non-speech auditory signs (meaningful) consisted of sounds that are assumed to be meaningful to 
drivers. Road users make noise and they have their natural ways of catching the attention of other 
road users. These naturally occurring sounds should typically be meaningful to experienced drivers.  
 
The final non-verbal signs are presented in Table 1. A set of speech messages was also designed 
and included in the experiment. A soft-spoken male voice was used for the verbal signs (verbal). 
Each speech message consisted of a keyword presented in Swedish describing the road danger. The 
different auditory signs were not exactly equal in length but ranged between 1 and 2 s. Spatial 
positions of road users were represented by presenting the sounds in the corresponding direction 
(front, rear, front-left, front-right, rear-left and rear-right). Combinations of road user types and 
positions resulted in a total number of 30 different traffic situations used in the study.  
Table 1  Description of auditory signs used in the experiment. 
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Learning time and trials, response time in judging traffic situations, accuracy of response (identity 
and position of road dangers) and subjective ratings of cognitive effort and pleasantness defined the 
dependent variables. 
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The experiment was conducted using a within-subjects design. The participants were introduced to 
the simulator and the lane change test in a 5–10 min test drive. The experimenter also provided a 
short demonstration session explaining the judgment task. Subjects were told that they were 
evaluated on the basis of driving performance. They were required to judge the auditory signals as 
  
fast as possible so that it would not affect the driving more than absolutely necessary. However, no 
parameters related to driving performance were actually monitored during the trials. 
 
The trial consisted of three blocks, one for each condition, which lasted for about 30 min each. 
Every block started with a learning session, without the driving task, in which the participants were 
required to learn the intended mappings between sounds and road users. Images of the road users 
were presented on the touch screen and the driver were required to play the sounds until he/she felt 
comfortable with their meaning. Both learning time and trials were monitored. 
 
The learning session was followed by the driving session. This part started with about 5 min of 
driving training without sounds. The driving task lasted for about 25 min. The auditory signs were 
presented in random order to the drivers with 20–60 s intervals. When a sound was played the 
drivers were required to select one out of four traffic situations presented on the touch screen. After 
each judgment the driver received feedback about their response. A green light indicated a correct 
response. A red light and text presenting the correct answer indicated an incorrect response. This 
feedback was built-in to allow drivers to learn from mistakes during the sessions. Directly after 
each driving session, the drivers rated the perceived cognitive effort and pleasantness using rating 
scales presented on the touch screen. These scales ranged from 1 (not at all challenging/annoying) 
to 10 (very challenging/annoying).  
 
A loosely structured interview was conducted at the end of each trial in order to obtain 
complementary driver judgments. In this interview, the drivers were allowed to talk freely about 
any issues experienced during the trials. The experimenter especially paid attention to the 
participants’ personal experiences regarding how they constructed meaning from the sounds. 
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The statistical analysis of the data was performed using the computer package Minitab (Minitab 
Data Analysis Software, Philadelphia, PA, USA). 
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Average learning times and number of trials for the sign sets is presented in Table 2. As predicted, 
the drivers had serious problems learning the mappings between the arbitrary sounds and the traffic 
events. That is, the drivers listened to each sound 5.9 times compared to 1.93 times for the set of 
meaningful non-verbal signs and 1.52 times for the verbal signs. A one-way analysis of variance 
(ANOVA) revealed significant differences in learning time F(2, 34) = 21.03, p < 0.01 and trials F(2, 
34) = 28.22, p < 0.01. Post-hoc analyses were conducted using Tukey’s honestly significantly 
different (HSD) test. Both learning time and trials were significantly higher in the arbitrary 
condition than the two other conditions (p = 0.01). 
 
 
Table 2  Mean learning time and number of trials. 
 
 Time in seconds (SD) Trials (SD) 
meaningful 24.7 (8.7) 9.6 (2.9) 
arbitrary 90.2 (59.6) 29.5 (16.4) 
verbal 23.3 (12.4) 7.6 (3.3) 


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Table 3 shows response times and response accuracy for the three conditions and Table 4 presents 
response times, accuracy of responses in terms of identity of road dangers and position of road 
dangers. The drivers judged 30 traffic situations in each session. The arbitrary sounds resulted in 
longer response times and degraded response accuracy compared to the other two conditions. A 
one-way ANOVA revealed significant differences in response time F(2, 34) = 27.56, p<0.01 and 
accuracy F(2, 34) = 56.19, p < 0.01. A Tukey’s HSD test showed a significant difference between 
the arbitrary condition and the two other conditions (p = 0.01). Significant effects were also found 
both in terms of identification of road dangers F(2, 34) = 69.99, p < 0.01 and position of road 
dangers F(2, 34) = 16.77, p < 0.05. A Tukey’s HSD test found that the arbitrary sounds resulted in 
more errors both in terms of identity and position of road dangers (p = 0.01). 
Table 3  Mean response time and accuracy of response. 
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Table 4  Mean accuracy of response in terms of identity and position of road users. 


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The subjective ratings of pleasantness and cognitive effort are presented in Table 5. The arbitrary 
sounds were rated more annoying and more challenging to interpret while simultaneously 
performing the driving task compared to the other two sound sets. A significant effect was found for 
interpretation F(2, 34) = 15.32, p < 0.01 and annoyance F(2, 34) = 7.47, p < 0.01. The post-hoc 
analysis reported significant effects between the arbitrary sounds and the other conditions (p = 
0.01). 
Table 5  Mean subjective ratings of pleasantness and cognitive effort. 
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The purpose of the study was to evaluate learnability, cognitive demand and pleasantness of 
auditory signs designed to support drivers’ traffic SA. Sounds assumed to have a natural meaning in 
the driving context were compared with arbitrary sounds and verbal signs. In the interview carried 
out at the end of each trial, a majority of the drivers reported that they tried to make the arbitrary 
sounds meaningful by finding intuitive similarities and forming associations between the signs and 
the road users. For instance, one subject stated, ‘the musical motive representing the big truck was 
the easiest one to recognise since the cello is playing in a low register’. This association definitely 
makes sense. Large objects vibrate more slowly than small objects and thus produce lower tones. 
An instrument playing in a low register could therefore signify a large object moving. Another 
driver said that he tried hard to establish an association between the sound of a trumpet and a child 
playing the trumpet. However, most drivers reported that they failed to establish durable and useful 
associations between the arbitrary sounds and the traffic events. Even though they spent 
considerable more time and trials trying to learn the meaning of the sounds, their judgment 
performance was degraded in this condition compared to the other two conditions. Significant 
effects were found both in terms of response time and accuracy of response. In fact, none of the 18 
truck drivers performed better when interpreting the arbitrary sounds compared to the other two 
conditions.  
 
Taken together, the results of the experiment support the hypothesis that sounds that are meaningful 
in the driving context require considerable less cognitive resources compared to sounds arbitrarily 
mapped to traffic information. This effect was found even though drivers spent more time and trials 
learning the arbitrary sounds. The lack of meaning was apparently not compensated by the longer 
learning sessions. Many sounds we encounter in user environments are arbitrary and meaningless 
sounds. The results of this study emphasise the use of sounds that have a natural meaning in the 
driving context and are easily associated with their intended meaning. The study also demonstrates 
that brief sounds imitating road users may be appropriate when designing especially for traffic SA.  
 
During the trials the drivers were required to respond to the sounds as fast as possible so that it 
would not affect driving performance more than absolutely necessary. The drivers were told they 
were judged primarily on the basis of their driving performance. But sometimes the arbitrary sounds 
resulted in exceptionally long response times (10–15 s). This happened for three subjects (17%) and 
represented 1.5% of the measurements. In these situations, the drivers were not able to find a 
solution within a reasonable timeframe. Despite the time pressure, they remained motionless staring 
at the touch screen for long periods, completely losing focus on the road. It seems like the arbitrary 
sounds contributed to a severe level of attentional narrowing or even cognitive overload for some 
drivers. It can be argued that the attentional narrowing was intensified by stress induced by the time 
pressure [30]. The behaviour was very inappropriate since the drivers were not able to focus 
visually on the screen and on the road scene simultaneously. In a real driving situation, longer 
periods of attentional narrowing induced by interface elements could significantly impact on 
drivers’ ability to perceive and process other driving-related information.  
 
The drivers performed equally fast and accurate when interpreting meaningful non-verbal signs as 
they did when interpreting short verbal signs. This motivates a more extensive comparison between 
these two types of sounds. They both have potential advantages and disadvantages. Speech is 
known to be sensitive to other verbal communication or background noise. However, a modern 
truck cab is a relatively controlled sound environment. Some newer models can even mute sounds 
(radio, telephone signals, etc.) that are not considered appropriate in the particular situation. 
Vilimek and Hempel [21] found that long verbal messages (>3.5 s) could have a negative impact on 
short-term memory. But if keywords can be used, verbal messages seems promising. A strong 
  
argument to develop non-verbal signs is the potential to find more universal signs that are not 
language dependent. Also, recent research on verbal communication has promoted the importance 
of voice adaption when designing for in-vehicle systems [31]. Voice familiarity, gender, age and 
emotional tone may have considerable impact on both system driver attitude and driving 
performance. No particular type of voice seems to fit all drivers, which in turn can make 
development of speech-based displays challenging.  
 
One general issue with meaningful non-verbal sounds is that they can be hard to find. Some objects 
in a traffic scene do not even produce sound. Producing comprehensible speech-based messages 
may be easier.  
 
A general issue in audio interface design is how to find sounds that will not be annoying. 
Annoyance may be a desirable quality in some very urgent situations. In other words, in most 
everyday situations, it is important to find signals that are pleasant to listen to. In the present study, 
the participants rated perceived annoyance at the end of each experimental condition. That is, the 
driver rated the arbitrary assigned sounds more annoying than the more meaningful sounds. The 
results give us some indication of how arbitrary sounds implemented in vehicles can have a 
negative impact on user satisfaction. McKeown [15] also reported low scores of pleasantness for 
abstract sounds compared to other verbal and non-verbal signs.  
 
One potential criticism of the study is that the laboratory set-up is not really comparable to realistic 
driving. The lane change test requires the driver to focus on the forward road scene. However, it 
does not fully represent the dynamic task of driving. Also, in the study the drivers’ interpreted 90 
auditory signs in about 1 h of driving. This high frequency of sounds would have promoted a higher 
attentiveness than is typical in routine driving. 
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The concept of using sound as a primary channel for traffic-related information need to be further 
evaluated. Future experiments should examine driver’s behaviour and effects on driving that can be 
directly related to safety. Also, previous work has shown how complexity of the traffic environment 
can significantly affect workload, both for experienced and inexperienced drivers [32]. Future 
evaluations should address the efficiency of auditory signs in traffic situations with different levels 
of complexity. Finally, we still know little about how auditory displays using auditory signs can 
disturb and confuse drivers during real driving. Thus, it would be very interesting to validate the 
result of the present study in a real-world setting. Such a study would give us a better understanding 
of how informative auditory displays may support and confuse experienced drivers during real 
driving. 
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Abstract: Previous research has shown that urgent auditory warnings are likely to annoy drivers. 
Increased urgency could also raise drivers’ stress levels, which in turn could impact their ability to 
detect and react to subsequent changes in the traffic environment. We conducted a simulator 
experiment with 24 truck drivers to investigate the potential of urgent alarms to raise annoyance 
and negatively affect drivers’ subsequent responses to unrelated, critical events on the road. The 
drivers received two types of warnings that were designed to significantly differ in perceived 
urgency. Several times in the trial, a critical event occurred just seconds after drivers were 
presented with an unrelated warning, and the drivers had to brake immediately to avoid a collision. 
The results indicate that acoustic characteristics and semantic meaning may impact the perceived 
annoyance of in-vehicle warnings. Interestingly, we found a significant, negative correlation 
between the drivers’ experience (years of truck driving experience) and the rated annoyance for 
both types of warnings. Also, the drivers who received the high-urgency warning braked 
significantly harder and tended to brake later than the drivers who received a low-urgency warning. 
These results have implications for ITS systems for heavy vehicles that intend to make use of 
auditory warning signals. 
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According to a recently published study, about 100 persons are killed every year in Sweden as a 
result of accidents involving heavy goods vehicles. This statistic represents approximately 20 
percent of all persons killed in road accidents in the country [1]. The high risk of being seriously 
injured or killed in accidents involving heavy vehicles provides the motivation for researchers to 
examine the causes behind these accidents and to find safe, satisfactory solutions.  
Auditory signals may be especially useful in critical driving situations because sound has unique 
advantages for events that require rapid responses. Human hearing is omnidirectional and cannot be 
shut off involuntarily, whereas visual warnings must be seen in order to be effective [2]. Previous 
ITS research has demonstrated the potential for sounds to alert drivers and improve safety. Ho and 
Spence [3], for instance, investigated the effectiveness of spatially predictive and non-predictive 
auditory cues to catch drivers’ attention in a simulated driving task. The participants responded to 
urgent situations by braking or accelerating. A rapid serial visual presentation (RSVP) task was 
used to distract the drivers. The results showed that a spatially predictive signal (car horn sound or 
verbal message) effectively led to fast responses. Fung et al. [4] used an advanced driving simulator 
to examine the usefulness of auditory cues for a collision avoidance system. The study revealed that 
a very simple auditory signal (2 kHz tone) made distracted drivers shift their attention to the road 
and brake rapidly.  
The number of auditory warnings and alerts increases with the number of in-vehicle systems. To 
find optimal auditory solutions, we need to learn more about the negative consequences of auditory 
warnings on drivers. The present study focused on commercial truck drivers and the ways that 
  
persistent auditory warnings can raise annoyance levels and negatively affect drivers’ performance 
in commercial vehicles.   
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Auditory alarms differ from other salient sounds in a working environment because they are 
specifically designed to indicate urgency and danger. In warning design, it is crucial for the 
warning’s urgency to correspond to the urgency of the situation [5]. Appropriate “urgency 
mapping” could help a system user to understand the warning and respond more effectively. More 
urgent sounds can lead to faster responses, at least when the response task is simple [6-8]. Research 
in the driving domain has reported that such sounds can speed up drivers’ accelerator release in 
urgent situations [9]. However, urgency mismatching can undermine a warning’s effectiveness. For 
instance, if a driver perceives a collision warning as less urgent than a signal for vehicle failure or 
an incoming e-mail, she or he is likely to be confused.  
What makes an auditory warning sound urgent? Previous research has shown that urgency can be 
systematically manipulated by the modulation of fundamental acoustic properties such as loudness, 
pitch, speed and amplitude envelope shape [6, 10, 11] (see [12] for a recent review of the literature 
and design recommendations for crash warning interfaces). Rated urgency also depends on the 
listeners’ “mental representation” of the warning’s cause [13], and these mappings could override 
acoustic characteristics. Burt et al. [14], for instance, reported that participants could rank sounds 
based on acoustic parameters before an experiment in which the warnings were mapped to specific 
situations but were unable to do so after the experiment. Wiese and Lee [9] investigated e-mail 
alerts and collision warnings for in-vehicle use and found that, in both cases, acoustic parameters 
had no significant effect on urgency ratings, although drivers rated collision warnings as more 
urgent than e-mail alerts. 
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A general goal in auditory signal design is to create sounds that will not annoy users. Sound 
annoyance can be defined as “an evaluative response towards the sound and its source, including 
both emotional (‘nuisance’, ‘unpleasantness’) and cognitive aspects (‘disturbance’, ‘interference’)” 
[15]. Annoyance is an important consideration for warning design because it could cause users to 
reject the system. Block, Nuutinen and Ballast [16] reported that unpleasant signals in the operating 
room are a common reason for users to turn off auditory alarms. Research on sound annoyance has 
largely focused on the effects of environmental noise. It has been suggested that annoyance may be 
predicted with acoustic or psychoacoustic metrics. For example, Khan et al. [17] found that 
loudness, sharpness and harmonic ratio can predict drivers’ annoyance with diesel engine noise. 
However, annoyance depends on semantic and contextual factors. For instance, although loud 
sounds are annoying in some situations, people at a rock concert might find loud music more 
satisfying [18]. Ellermeier et al. [19] studied annoyance with identifiable and neutralised everyday 
sounds. They concluded that psychoacoustic metrics could be used to predict annoyance of 
neutralised sounds but that the annoyance ratings may differ when sounds are identifiable. Sound 
interference with ongoing mental tasks is another factor that may raise annoyance levels [15].  
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Sound annoyance cannot be predicted by acoustic and psychoacoustic properties alone, and 
therefore, we stress the importance of studying drivers’ annoyance with warning signals in realistic 
settings. To date, few studies have focused on both the urgency and annoyance of warnings in 
vehicles. Tan and Lerner [20] evaluated the alerts for a collision warning system and reported that 
  
ratings of loudness correlated with ratings of urgency (r=0.93) and annoyance (r=0.86). Wiese and 
Lee [9] reported that warnings designed to sound urgent tended to speed up drivers’ accelerator 
release but that drivers also rated them as more annoying. Marshall et al. [21] examined the effects 
of range for acoustical parameters (harmonic series, pulse duration, inter-pulse interval, alert onset 
and offset, burst duty cycle, inter-burst period and sound type) in nonverbal auditory warnings and 
found that all of the parameters affected both perceived urgency and annoyance. This investigation 
was not, however, conducted in a real or simulated driving setting. Instead, the participants read 
brief descriptions of the driving scenarios and imagined hearing the alerts from the in-vehicle 
systems. In conclusion, previous research has suggested that the acoustical parameters that affect 
urgency can also increase annoyance. However, drivers’ annoyance with in-vehicle warnings has 
also been shown to depend on semantic factors. McKeown [22] reported that drivers consistently 
rate sounds mapped to more urgent driving situations as less pleasant. 
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There is reason to believe that urgent warnings can negatively impact driving performance and 
safety. In a simulator study, Graham [23] found that auditory icons sometimes induced 
inappropriate responses to false alarms. He suggested that the high level of urgency these sounds 
convey prevents participants from taking enough time to assess the road situation for themselves. 
Baldwin [24] examined the semantic and acoustical properties of verbal warning signals and 
reported that signals of intermediate urgency decreased crash risk during simulated driving; 
however, the high-urgency warning used in the experiment did not reduce crash risk. We define 
high urgency in the present context as a situation requiring immediate action or attention [8]. 
Perceived urgency represents an increased level of threat or a sense of time pressure that can 
provoke stress-induced arousal. Ratings of perceived urgency have been reported to correspond to 
ratings of emotional activation [25]. An established effect of stress and high arousal levels is 
attentional narrowing [26, 27]; in other words, the individual’s focus of attention shrinks, and he or 
she focuses on critical issues and elements [28]. Chapman and Underwood [29] investigated the 
visual behaviour of drivers while they observed driving situations with different levels of danger 
and found that more dangerous (arousing) situations were “characterised by a narrowing of visual 
search, shown by an increase in fixation duration, a decrease in saccade angular distances, and a 
reduction in the variance of fixation locations”.  
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Previous research has indicated that acoustical parameters that affect warning urgency could raise 
annoyance, and potentially also negatively affect the listener’s ability to respond to visual 
information. However, it is uncertain how these previous findings will apply in commercial drivers 
performing a driving task. We conducted the present study to test the following two hypothesises. 
 
1. Warning signals with a higher level of psychoacoustic urgency (conveyed by acoustic 
parameters) will be perceived as more annoying by commercial truck drivers. 
 
2. Warnings that express higher levels of psychoacoustic urgency have a negative effect on truck 
drivers’ ability to detect and respond to a subsequent, unpredictable change on the road ahead. 
 
A warning signal’s loudness is related to perceived urgency [6, 7]. However, very loud signals are 
known to produce severe startle responses. Therefore, we decided to examine signals at reasonable 
and realistic intensity levels. Volume settings for the signals used in the experiment were based on 
the subjective judgements of the experimenters.  
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A total of 24 professional truck drivers (3 female) between the ages of 23 and 70 years (M=43.3, 
SD=13.1) participated in the study. Their years of truck driving experience ranged from 1 to 46 
years (M=20.9, SD=12.9). The drivers reported an annual driving distance of between 15,000 and 
150,000 km (M=90218, SD=3838). The participants’ hearing was not tested. However, none of the 
drivers reported any significant hearing disorders. 
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The experiment was conducted in a simulator at the Swedish National Road and Transport Research 
Institute. The “VTI Driving Simulator III” has a motion system and a vibration table that can 
simulate acceleration forces and a variety of road conditions. The virtual traffic scene is projected 
onto three screens covering 120 degrees of the visual field. To make the driving task as natural as 
possible, we did not provide headphones for the auditory stimulus. Instead, a 6.0 speaker setup 
(Anthony Gallo Acoustics Inc., CA, USA) was installed in the truck cab prior to the experiment. 
 
Figure 1  Frequency characteristics for the pulses in the low-urgency warning. 
 
Figure 2 Frequency characteristics for the pulses in the high-urgency warning. 
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The experiment included two auditory warning signals that were both designed to warn drivers 
about pedestrians standing close to the roadside. The warnings started with a brief, 300-ms verbal 
message, “pedestrians”, which was presented in Swedish by a female voice. The message was 
followed by one of two 1500-ms tone bursts that were designed to differ significantly in urgency. A 
warning signal’s speed has been reported to affect its perceived urgency [7, 10, 21]. The low-
urgency warning consisted of 2 pulses with a 300-ms inter-pulse interval. The high-urgency sound 
consisted of 8 pulses, which were played in a constant tempo with 10-ms inter-pulse intervals. 
High-pitched signals have been reported to amplify urgency [6, 10, 11]. The low-urgency warning 
had a base frequency of 179 Hz (G3). The high-urgency warning consisted of a cluster of tones with 
the following base frequencies: 491 Hz (B4), 522 Hz (C5), 554 Hz (C#5), 1046 Hz (C6) and 1974 
Hz (B6). Figures 1 and 2 present the frequency characteristics for the pulses in the high-urgency 
and low-urgency warnings. Shorter amplitude onset and offset have been reported to increase 
urgency [10, 21]. The amplitude onset and offset times for the low-urgency warning were 300 ms 
and 450 ms, and the onset and offset times for the high-urgency warning were 25 ms and 210 ms. 
Haas et al. [6] and Haas et al. [7] reported that higher signal levels increased urgency. The signal 
levels (sound pressure levels on the dBA scale, maximum values, measured near the position of the 
drivers’ head) for the warnings were calibrated to approximately 80 dBA for the low-urgency 
warning and 85 dBA for the high-urgency warning. A-weighting of sound pressure levels (dBA) is 
widely used to adjust sound measurements to correspond to loudness as perceived by the listener. 
The signal levels were held constant throughout the trials. The background engine noise was 
calibrated to approximately 64 dBA at the drivers’ position at 50 km/h speed to make the auditory 
warnings clearly audible without being unrealistically loud or startling.  
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A stimulus evaluation was conducted before the main experiment to investigate the potential of the 
warnings to cause alarm or annoyance. A sample of 18 subjects (16 males and 2 females), none of 
whom participated in the main experiment, took part in the evaluation. Their ages ranged from 20 to 
56 years (M=32.4, SD=8.4), and the experiment was conducted in an open office environment. The 
participants listened to the warnings at a comfortable volume level through Koss UR5 headphones 
(Koss Corporation, WI, USA). The warning signals were presented in counterbalanced order, and 
the participants rated the sound for both annoyance and “perceived alarming response” using 7-
point scales ranging from “not at all” to “very much”. The results are presented in table 1. The two 
warnings had a consistent effect on both perceived alarm and perceived annoyance. Paired Students 
t-tests were used to test for significance between distributions. 17 of the 18 subjects rated the low-
urgency warnings as less alarming, and all the subjects rated the low-urgency warning as less 
annoying than the high-urgency warning.  
Table 1 Ratings of alarm and perceived annoyance in the stimulus evaluation conducted before the 
main experiment. 
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In the critical situations, a bus that was parked at a bus stop suddenly started to pull out in front of 
the truck (see figure 3). This situation forced the drivers to brake immediately to avoid a collision. 
In total, the critical event occurred 3 times: once after a high-urgency warning, once after a low-
urgency warning and once without any warning. The two auditory warnings concerned pedestrians 
standing in a formation about 2 meters from the roadside and approximately 20 meters from the 
bus. The pedestrians stood in a small formation and seemed to be interacting with each other. The 
pedestrians did not move, and there was no reason for the drivers to brake for them. 


 
Figure 3  Traffic situation with pedestrians and a parked bus. The drivers received a warning 
about the pedestrians standing to the right. Moments later, the bus pulled out in front of the truck. 
61:*!&&()',)
We used a within subjects-design, in which all the drivers received both types of warnings. The 
order of warnings was counterbalanced to minimise order effects. The drivers received written 
information about the study upon arrival. They also gave their written consent and provided 
demographic information. The drivers were told that they were participating in a test of an in-
vehicle warning system designed to warn them about potential dangers in the traffic environment. 
However, they were not informed of the study’s specific aim at that point. The participants started 
with a practice driving scenario that lasted approximately 8 minutes that gave the drivers a chance 
to ask the experimenter questions and familiarise themselves with the simulator. The main driving 
task lasted for 25-30 minutes. The drivers were told to drive normally and not to exceed the speed 
limits. The traffic environment consisted of a mix of rural and urban roads. In total, every driver 
passed 18 buses during a trial. After a critical event (a bus pulled out in front of the truck), the 
drivers followed the bus for about a minute until the next bus stop. The participants were not 
instructed what to do in response to the warnings. They received both the high-urgency and low-
urgency warning a number of times in each trial (one low-urgency warning in the practice 
scenario), in addition to the signals presented prior to the unrelated critical events. Also, a few times 
in each trial another critical event occurred (a car suddenly appeared from the right in an 
intersection), sometimes with a preceding unrelated warning. However, the system did not give any 
other types of warnings, only those in response to pedestrians. After the driving task, the 
participants completed a questionnaire that investigated how they perceived the sounds and whether 
they expected the critical situations. After completing the questionnaire, we revealed the specific 
  
research questions, and the drivers were able to ask any questions about the study and the research 
project.  
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The critical situations were designed so that the drivers had to brake to avoid a collision. Participant 
brake response time and response force were therefore the main dependent variables. We defined 
brake response time as the time that elapsed between the bus starting to pull out and the driver 
starting to brake. We defined brake response force as the brake pressure level measured by the 
simulator’s brake system. The driving parameters were sampled at 50 Hz. In the post-trial 
questionnaire, the subjects rated annoyance and perceived alarm for both sounds using rating scales 
ranging from 1 (not at all) to 7 (very much).  
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Table 2 shows the mean values for the subjective ratings. A total of 13 drivers (54%) rated the high-
urgency signal as more annoying than the low-urgency sound. A two-tailed, paired t-test revealed 
that the difference between the distributions was significant (t(23)=2.94, p=0.007). Furthermore, 9 
drivers rated both warnings as equally annoying, and 2 drivers rated the low-urgency warning as 
more annoying. The drivers who rated the high-urgency warning as equally or less annoying than 
the low-urgency sound tended to give the more urgent warning a low score (M=3.0, SD=1.66). A 
total of 12 drivers (50%) rated the high-urgency warning as more alarming. The difference between 
the conditions was significant (t(23)=3.14, p=0.005, two-tailed). Only one driver rated the low-
urgency sound as more alarming. Similar to the annoyance ratings, the drivers who considered the 
high-urgency sound equally or less annoying than the low-urgency sound tended to give the 
warnings low scores (M=2.69, SD=1.70). The correlation between the ratings of annoyance and 
“perceived alarm response” was significant for both the high-urgency warning (r=0.60, p<0.05, 
two-tailed) and the low-urgency warning (r=0.57, p<0.05, two-tailed). 
Table 2  Subjective ratings of annoyance and perceived alarm 
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 We also calculated correlations between demographic variables (age and years of driving 
experience) and subjective ratings. Interestingly, we found significant negative correlations between 
“years of experience” and the rated annoyance for both the high-urgency warning (r=-0.41, p<0.05, 
two-tailed) and the low-urgency warning (r=-0.43, p<0.05, two-tailed). The relationship between 
the drivers’ age and annoyance rating was slightly weaker and was not significant for either 
warning (r=-0.31, -0.24, p=ns). We found no considerable correlations between the other variables. 
 
 
 
  
716)#)*('&* 
All of the drivers braked for the bus and avoided a collision in the critical situations. In addition, 
none of the drivers made any inappropriate direct responses to the warnings, such as braking hard. 
Such behaviour would have been inappropriate since the pedestrians were standing still, relatively 
far away from the roadside. Table 3 shows the results for brake performance. Two-tailed, paired t-
tests failed to show significant effects for any of the dependent variables. 
Table 3  Brake response time and brake force.  
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The drivers responded more slowly in the first critical situation (M=1559 ms, SD=320 ms) than in 
the second critical situation (M=1233 ms, SD=269 ms). A two-tailed, paired t-test showed that the 
difference was significant (t(23)=3.63, p=0.001, two-tailed). In addition, the drivers rated the last 
critical situation as considerably more expected (M=5.33, SD=1.40) than the first critical situation 
(M=3.46, SD=1.93). We therefore decided to examine the results from the first situations in more 
detail. The mean time between the driver receiving a warning and the bus pulling out in the first 
situation was 2564 ms (SD=769).  
 
Table 4 presents the mean brake response times and brake force for the first critical situation. The 
drivers who received an urgent warning tended to brake more slowly (M=1637 ms, SD=370 ms) 
than the drivers who received a low-urgency warning (M=1482 ms, SD=251 ms), but the 
difference was not statistically significant (t(22)=1.20, p=0.24, two-tailed). The drivers who 
received an urgent warning braked harder than the drivers who received a low-urgency warning. 
We did not assume a normal distribution of data. A two-tailed, Mann-Whitney U-test and a two-
tailed, independent samples t-test showed that the difference was significant (U=113, n1=n2=12, 
p<0.05), (t(22)=2.43, p<0.05, two-tailed). The correlation between the response time and brake 
force was significant (r=0.52, p<0.01, two-tailed). 
Table 4  Brake response time and brake force in the first critical situation.  
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Many of the drivers found the high-urgency warning considerably more annoying than the low-
urgency warning. This finding supports previous findings that the alert parameters that amplify 
warning signal urgency also increase annoyance. Our results emphasise that the design of non-
speech auditory warnings for commercial vehicles should take into account both annoyance and 
urgency. A sound’s annoying potential is especially important for the design of low-urgency and 
everyday situations or situations with a high risk of false and nuisance alarms. Block et al. [16], for 
instance, reported that false alarms are the most common reason for operators turning off the 
volume on technical systems. Signals that are perceived as unpleasant are likely to become 
annoying when the frequency of false alarms is high. The correlation that we found between rated 
alarmed response and perceived annoyance also supports previous findings suggesting that 
annoyance correlates with affect by a factor of approximately 0.6 for increasing emotional 
activation [25].  
 
Interestingly, however, the differences in subjective ratings were not particularly large. Based on 
the results of the stimulus evaluation and the significant differences in the warnings’ acoustic 
properties, we had expected larger effects. In fact, a large proportion of the drivers rated both 
warnings as equally annoying and alarming. One explanation for these results is that both the 
warning’s acoustical properties and its meaning influenced the drivers. Although the signals 
differed in acoustic characteristics, their function was the same. In urgency ratings, the semantic 
meaning of auditory warnings has been reported to override acoustic characteristics [9, 13, 14].  
 
Furthermore, McKeown [22] reported that annoyance ratings of in-vehicle warnings could depend 
on the sound’s learnt meaning. One argument for this effect in the present investigation is that the 
drivers tended to give the high-urgency warning low scores rather than giving the low-urgency 
warning high scores. The warnings did not indicate a particularly urgent driving situation, and 
therefore, the low scores for the high-urgency warning make sense. We should point out, however, 
that the low ratings may also depend on other factors. For instance, the drivers rated their affective 
reaction to the warnings after they had completed the driving task, not directly after the critical 
situations. The drivers may not have been able to provide precise ratings of their affective reactions 
to the warnings after the trial. 
 
Another possible contributing factor to the low subjective scores could be that the commercial 
drivers, many of whom were experienced, did not find any of the sounds particularly distracting. 
That is, the warnings may not have had any significant negative impact on the drivers’ perceived 
ability to handle the driving situation. Interestingly, rated annoyance was negatively correlated with 
driver experience (years of experience) for both types of warnings.  
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Previous studies have reported that more urgent signals can speed up response time [6, 7, 9]. The 
present study investigated experienced drivers’ responses to road dangers that were not indicated 
by the auditory warnings. The results can therefore be considered a complement to previous 
findings. High-urgency warnings might contribute to higher arousal levels, which in turn could 
negatively affect the drivers’ ability to handle unrelated subsequent events. In addition, higher 
urgency may compel drivers to focus more on the reason of the warning (the pedestrians), which 
would take their focus away from the road. That is, a high-urgency warning may be more 
distracting than a low-urgency warning. However, our analysis of brake behaviour did not find a 
  
significant effect on brake response time. The drivers who received the urgent warning in the first 
critical situation tended to brake later; however, there were large differences between the 
participants, and we found no significant effect. However, the drivers who received an urgent 
warning braked significantly harder than the drivers who received the low-urgency warning. It 
could be argued that the more forceful reactions resulted from higher arousal levels [30] or a 
stimulus-response compatibility [31]. The correlation between brake pressure and response time 
indicates that some drivers tried to compensate for late brake responses by braking harder.  
 
Our results might have been different in a study with novice and ordinary car drivers. Chapman and 
Underwood [29] reported that novice drivers showed longer fixation durations than experienced 
drivers in critical traffic situations, which indicates that they are less able to share their attention 
when situations become threatening. Therefore, we recommend that future studies examine the 
effects of urgent warnings on less experienced drivers.  
 
Another interesting result was that none of the truck drivers made any inappropriate reactions, such 
as braking without reason, to the auditory signals. Previous research has reported that urgent 
signals may cause drivers to respond inappropriately to high-urgency warnings [23]. Our findings 
indicate that commercial truck drivers take their time and assess the road situation before 
responding to an auditory warning.  
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This study aimed to investigate if the acoustic characteristics that affect urgency also impact 
perceived annoyance for warnings in commercial vehicles. The results indicate that rated 
annoyance depends on acoustic properties. However, it seems that acoustic properties alone cannot 
predict annoyance ratings. A sound’s semantic meaning can also have a major impact on 
annoyance. That is, a driver’s rating of a signal as annoying or not depends on the situation that the 
warning indicates. These results indicate that individual factors, related to driving experience, may 
also influence rated annoyance associated with warning signals.  
 
Our study’s second aim was to investigate if a more urgent sound would have a more significant 
negative impact on drivers’ ability to respond to subsequent unpredictable events. The results 
showed no significant effect on brake response time and a significant effect on brake response 
force. The drivers who received a more urgent warning in the first critical situation braked 
significantly harder for the subsequent unpredictable event. That is, the urgency level of a warning 
signal may impact commercial drivers’ responses to subsequent unpredictable events on the road. 
However, it remains unclear whether high-urgency warnings can negatively impact the response 
time. We recommend that future research investigate the negative effects of warning signals on less 
experienced and novice drivers.  
 
One limitation of the present experiment is related to the auditory warnings that were used. The 
combination of speech and tone bursts is not a common combination in real-world systems. In 
addition, the experiment did not provide much information about drivers’ perceptions of auditory 
warnings or their impact on performance as the drivers adjust to them. The results observed in a 25-
minute driving test do not allow us to make conclusions about long-term effects and habituation. 
Finally, conducting tests in simulators has both advantages and disadvantages. An advanced 
simulator offers a realistic driving experience in a safe and highly controlled setting. However, the 
driver’s awareness of being in a simulator that presents no real danger could potentially threaten 
the validity of the results.  
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Abstract: Auditory warning signals are becoming increasingly common in Intelligent Transport 
Systems (ITSs). Carefully designed auditory signals may contribute to more effective and safe 
multimodal interfaces in future ITSs. However, inappropriate sounds could undermine driver 
performance, safety and system acceptance. Today, much of the responsibility for designing 
auditory warnings lies in the hands of vehicle developers working in the industry. The nature of the 
auditory solutions that will be seen in future vehicles depends on the developers’ opinions about 
how auditory warnings should be designed. A questionnaire study was conducted to gather the 
views of vehicle developers and professional truck drivers on potentially important attributes of in-
vehicle warning signals. The results show that both developers and drivers ranked many of the 
investigated warning attributes as very important. For instance, both groups agree that it is very 
important that warnings are easy to understand and prepare the driver to respond. These results are 
interesting, considering that most auditory warnings currently used in vehicles are simple sounds 
that do not convey any meaning about the situation. The results also indicate that some developers 
may be prone to use a “better safe than sorry” strategy when designing high-urgency warnings. 
Many developers considered it unimportant if a high-urgency warning sound is perceived as 
annoying, and some developers considered it unimportant if a high-urgency warning is too startling. 
Furthermore, the results indicate that the perceived importance of the warning signal attributes 
depends on the urgency of the situation. Finally, a number of significant differences found between 
the developer and driver ratings suggest that experienced drivers should be invited to take part in 
the warning signal design process. 
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Auditory warning signals are now commonly used in Intelligent Transport Systems (ITSs). Sound 
has unique advantages over other modes of communication, especially in urgent situations that 
require immediate attention. A fundamental function of auditory warning signals is to catch the 
driver’s attention so that the sound is consciously perceived. However, research has shown that 
well-designed verbal and non-verbal auditory signals can have functionality beyond simply 
grabbing the driver’s attention. If system developers take advantage of the full potential of auditory 
warnings, we might see more effective, safe and tolerable vehicle interfaces in the future. In 
contrast, carelessly implemented auditory signals may negatively affect performance, safety and 
system acceptance.  
In the present article, I start by presenting a number of properties of auditory warnings that should 
be considered by vehicle developers. I then present a study conducted to investigate the opinions of 
vehicle developers and professional drivers on auditory warning design, i.e., which attributes of 
auditory warnings do vehicle developers and professional drivers consider important? Finally, I 
discuss the results by identifying promising observations and potential concerns related to auditory 
warning design for ITSs in the future. 
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Most auditory warning signals are very simple sounds, such as a distinct repeated pattern of tones or 
simple “beeps”. While these sounds do catch drivers’ attention, detailed information is generally 
presented on visual displays. However, research has established that verbal and non-verbal signals 
can be useful carriers of driving-related information [1-4]. Conveying information via auditory 
channels in a vehicle is an interesting concept, especially in demanding driving situations, because 
it allows drivers to stay visually focused on the road. Research has also shown that auditory 
warnings that are easily learnt and interpreted by drivers may be more effective warnings than 
traditional abstract sounds, leading to decreased response times [1-4], fewer errors [1,3] and even 
reduced annoyance [3]. Short verbal messages (keywords) and auditory icons (real-world sounds) 
that are easily associated with the alarming situation may be especially effective.  
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Sounds that are presented from a particular spatial direction may effectively guide a driver’s 
attention towards the danger. However, sounds that are played from inappropriate spatial directions 
may cause disorienting responses and lead to unnecessarily long response times [5]. Orienting 
responses towards the source of the auditory cues could be both voluntary and involuntary [6,7]. 
That is, salient auditory cues triggered from inappropriate spatial directions inside a vehicle may 
unnecessarily and even unavoidably distract the driver.  
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Matching the urgency of a warning to the urgency of a situation has been referred to as “urgency 
mapping” [8]. A body of research has established that the perceived urgency depends on both the 
temporal and spectral properties of the warning such as pitch, speed and amplitude envelope [8-10]. 
The perceived urgency also depends on the listener’s “mental representation” of the warning’s 
cause [11], and this mapping could override acoustic characteristics [12]. Appropriate “urgency 
mapping” could help drivers to prioritise driving-related tasks more effectively. It has been argued 
that appropriate urgency mapping can reduce workload [13], but inappropriate “urgency mapping” 
may have the opposite effect and confuse the driver. For instance, if a driver perceives a collision 
warning as less urgent than a signal for vehicle failure or an incoming e-mail, she or he is likely to 
be confused. 
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It is well known that salient sounds have the potential to invoke strong emotional responses 
involving subjective feelings and increased physiological arousal. According to Västfjäll et al. [14], 
emotional reactions to danger can be triggered rapidly and automatically by sounds whose acoustic 
properties indicate a threat in the environment. If the sound does not possess such acoustic 
properties, it will be compared with sound memories stored in the person’s long-term memory. If 
the sound is judged as unknown or if it is associated with something dangerous, it will also trigger 
an emotional response.
 
High-urgency auditory warnings could potentially also contribute to increased arousal in more 
indirect ways. Perceived urgency can lead to a feeling of time pressure, which in turn can increase 
arousal. A certain amount of physiological arousal is probably appropriate in an urgent driving 
situation. A possible effect of arousal is attentional narrowing [15,16]; in other words, the 
individual’s focus of attention shrinks, and he or she focuses on potentially important elements in 
the environment [17]. Sounds that can interrupt ongoing cognitive processes, make the listener 
  
focus attention on the important events and respond quickly, may act as effective warnings. 
Consequently, researchers have investigated how warnings can be designed to evoke appropriate 
emotional responses in listeners [18,19]. However, attention narrowing may not be appropriate in 
demanding driving situations that require the driver to share attention among several ongoing tasks 
and events.  
 
Furthermore, it has been reported that warning signal parameters that increase the perceived 
urgency also have a tendency to raise annoyance levels [1,10,20]. Annoyance is an important 
consideration for warning design because of the risk that the user will turn off the sound or neglect 
the system. The potential of urgent auditory warnings to become annoying has led researchers to 
suggest an “urgency-annoyance trade-off” when implementing auditory warnings [13]. In addition, 
if vehicle developers apply a “better safe than sorry” approach to warning design and use extreme 
sounds (e.g., very loud, sudden sounds), there is a risk is that the sound will not only negatively 
impact acceptance but also trigger a severe startled reaction that could interfere with an urgently 
required action.  
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For an in-vehicle auditory warning to be effective, it must be audible in the acoustic environment. 
Auditory masking refers to a process where one sound is rendered inaudible because of the presence 
of another sound [21]. Two different types of masking exist, simultaneous and non-simultaneous 
masking [21]. Simultaneous masking is a frequency-domain phenomenon in which a lower-level 
signal can be made inaudible by a simultaneous higher-level signal if the frequencies of the two 
sounds are sufficiently similar. One way to prevent simultaneous masking is to adjust the frequency 
content and/or level of the warning sound so that it will not be masked. The National Highway 
Traffic Safety Administration (NHTSA) guidelines from 1996 [22], for instance, suggest that the 
intensity of an in-vehicle crash avoidance warning should be at least 20 dB of sound pressure level 
(SPL) above the masking threshold. Another technique to reduce simultaneous masking might be to 
remove the potential masker, for instance, to mute the in-vehicle radio system when a warning 
signal is played. Non-simultaneous masking can occur when two sounds appear within a small 
interval of time. Two types of non-simultaneous masking exist: pre-masking and post-masking. 
Post-masking (which has a significantly longer duration than pre-masking) implies that the masking 
effect does not immediately stop after the masker is removed. For example, the audibility of a low-
level warning might be negatively affected by the presence of a high-level warning played 
immediately before the low-level warning.  
 
Interpretation of a warning can also be negatively affected when the signal cannot be clearly 
distinguished from other sounds. For instance, a speech message may be confused with a voice 
from the radio. Warning signals that sound too similar may also be confused with each other. 
Conventional warnings often have some typical characteristics. For example, they can be synthetic 
tones played in a distinct pattern. These types of signals may not be sufficiently unique to allow a 
driver to separate one warning sound from another.  
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Decisions regarding auditory warning design are made by developers working in the vehicle 
industry. The characteristics of the auditory warnings depend on the developers’ awareness of the 
potential benefits and issues that the auditory domain offers. So far, very little research has 
investigated developers’ opinions about auditory signals. In 1995, Tan and Lerner [20] examined 
developers’ opinions regarding a wide range of characteristics of an imminent crash avoidance 
warning. However, much has happened in the vehicle domain and specifically in the development 
  
of ITSs since that time. Furthermore, ITSs may use auditory warnings in a wide range of situations, 
not only for urgent warnings such as crash avoidance warnings.  
Furthermore, it is also of interest to learn what experienced drivers consider important 
characteristics of auditory warning signals. Professional drivers typically have experience in 
demanding and urgent driving situations and can provide insight regarding appropriate and 
inappropriate warning signals. The insight of experienced drivers’ opinions may guide both 
researchers and system developers to find auditory warnings that meet with higher acceptance. 
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The present study investigated the following three research questions:  
• Which attributes of auditory warning signals do vehicle developers and commercial drivers 
consider important? 
• Are there differences in the developers’ opinions regarding warning signals of different 
levels of urgency? 
• Are there differences between the opinions of vehicle developers and those of professional 
drivers? 
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In 2010, a questionnaire was designed (based on the questionnaire by Tan et al. [20]) and 
distributed to vehicle developers and professional drivers in Sweden. The questionnaire was divided 
into three main parts. In the first part, the respondent provided demographic information. In the 
second and third parts, respondents were introduced to two different driving situations (one 
situation in each part). The two driving situations were selected to present significantly different 
levels of perceived urgency. In the “high-urgency situation”, the respondents were asked to imagine 
the vehicle being about to collide with another vehicle or object in the traffic environment. In the 
“low-urgency situation”, the participants were asked to imagine a situation in which a school bus 
had stopped 400 meters ahead of the vehicle to pick up or drop off passengers. In each situation, the 
participants were asked to respond to statements regarding the importance of a range of warning 
attributes, see Table 1.  
Table 1  The statements used in the questionnaire. They were based on the statements used in the 
questionnaire by Tan et al. [20]. 
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Responses were graded on a Likert scale ranging from 1 (not at all important) to 5 (very important). 
Two versions of the questionnaire were designed. In one version, the high-urgency situation was 
presented in the second part of the questionnaire, and the low-urgency situation was presented in 
the third part. In the other version, the high-urgency situation was presented in the third part and the 
low-urgency warning in the second part. Each version of the questionnaire was distributed to 50% 
of the vehicle developers and 50% of the drivers. 
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The questionnaire was personally handed out or mailed to 50 vehicle developers and 76 
professional truck drivers. The developers were either employees at the company Scania CV AB in 
Sweden or hired technical consultants currently working within the Scania CV AB organisation. 
The developers worked with various aspects of vehicle design such as interface design, cognitive 
ergonomics, and system programming, but not necessarily with audio design. 50 of the 76 truck 
drivers were employees at a haulage firm in Sweden run by Scania CV AB. The other 26 drivers 
worked at various haulage firms in Sweden. In total, 36 questionnaires were returned from 
developers and 45 from drivers. However, two of the questionnaires received from developers and 
four of those received from drivers were incomplete and were discarded from further analysis. The 
final response rates (completed questionnaires) were 68 % for developers and 54 % for drivers. The 
ages of the responding developers (28 males, 6 females) ranged from 21 to 50 years (M=34.2, 
SD=6.9). The ages of the responding drivers (35 males, 6 females) ranged from 22 to 63 years 
(M=43.6, SD=11.4), and the drivers’ years of truck driving experience ranged from 0.5 to 45 years 
(M=17.6, SD=12.3). 
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Figure 1 shows the mean scores of the vehicle developers’ subjective ratings. Most warning 
attributes received high mean scores (above 4.0) in both the high-urgency situation and the low-
urgency situation. The only attribute that received a low mean score was “not annoying” in the 
high-urgency situation (M=2.09, SD=1.29). A large portion of the developers (41%) rated “not 
annoying” to be not at all important in the high-urgency situation. The attributes ”appropriate 
urgency level” (M=3.47, SD=1.33) and “not too startling“ (M=3.24, SD=1.16) received moderate 
mean scores in the high-urgency situation. A more detailed investigation showed that the attribute 
“appropriate urgency level” was rated to be not at all important by 15 % of the developers, and the 
attribute “not too startling” was rated to be not at all important by 12 % of the developers. All other 
attributes received very high mean scores (M=4.00-4.83, SD=0.47-1.05) in the high-urgency 
situation. In the low-urgency situation, all nine attributes received high mean scores (M=4.08-4.58, 
SD=0.55-0.90).  
A comparison between the mean scores in the two driving situations shows that the attributes “not 
annoying” and “not too startling” were considered to be considerably more important in the low-
urgency situation than in the high-urgency situation. The attributes “appropriate urgency level” and 
“high acceptance” had slightly higher mean ratings in the low-urgency situation. The mean scores 
of the attributes “appropriate orienting response”, “prepares the driver to respond”, “clearly 
audible”, “easy to understand” and “easy to distinguish” were slightly higher in the high-urgency 
situation than in the low-urgency situation. I did not assume that the data were normally distributed. 
Wilcoxon signed-rank tests were used to investigate the differences in the scores in the two driving 
situations. Significant differences were found for the attributes “appropriate orienting response” 
  
(W=105, z=2.97, p=.00, two-tailed), “not annoying” (W=-351, z=-4.45, p=.00, two-tailed), 
“prepares the driver to respond” (W=172, z=3.45 p=.00, two-tailed), “appropriate urgency level” 
(W=-126, z=-2.34, p=.02, two-tailed) “clearly audible” (W=171, z=3.71, p=.00, two-tailed), “not 
too startling” (W=-387, z=-4.18, p=.00, two-tailed), and “easy to distinguish” (W=110, z=2.59, 
p=.00, two-tailed). The differences in the attributes “high acceptance” (W=-83, z=-1.80, p=.07) and 
“easy to understand” (W=49, z=1.52, p=.13, two-tailed) between the driving situations were not 
significant at the alpha = 0.05 level.  

Figure 1  The vehicle developers’ subjective ratings. Error bars show standard errors. Two-tailed 
Wilcoxon signed-rank tests were used to investigate the differences between driving situations,  
* p<0.05, ** p<0.01. 
 
Figure 2  The professional truck drivers’ subjective ratings. Error bars show standard errors. Two-
tailed Wilcoxon signed-rank tests were used to investigate the differences between the two driving 
situations, * p<0.05.
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Figure 2 shows the mean scores for the professional truck drivers’ subjective ratings. The mean 
scores of all warning attributes were intermediate or high in both the high-urgency situation 
(M=3.15-4.61, SD=0.81-1.51) and the low-urgency situation (M=3.54-4.56, SD=0.87-1.37). The 
attribute “not annoying” in the high-urgency situation received the lowest mean score (M=3.15, 
SD=1.51), with 20 % of the drivers rating that attribute to be not at all important. A comparison 
between the mean ratings in the two driving situations revealed no considerably large differences in 
the rankings of any of the warning attributes. Wilcoxon signed-rank tests revealed significant 
differences between the two driving situations for the attributes “prepares the driver to respond” 
(W=93, z=2.19, p=.03, two-tailed) and “clearly audible” (W=62, z=2.41, p=.02, two-tailed). No 
significant differences were found for the other attributes in the two situations. However, the 
difference for the attribute “not annoying” was very close to being significant (W=-113, z=-1.96, 
p=.05, two-tailed).  
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Figure 3 shows the mean ratings of both groups in the high-urgency situation. The mean score for 
the attribute “not annoying” was considerably higher for the drivers (M=3.15, SD=1.51) than for 
the developers (M=2.09, SD=1.29). A Mann-Whitney U test revealed that the difference was 
significant (U=971.5, z=-2.92, p=.00, two-tailed). No other significant differences between the two 
groups were found at the alpha = 0.05 level. 

Figure 3  Mean ratings in the high-urgency driving situation. Error bars show standard errors. 
Two-tailed Mann-Whitney U tests were used to investigate differences between the two groups,  
** p<0.01. 

Figure 4 shows the mean ratings of both groups in the low-urgency situation. The attribute “easy to 
understand” received the highest mean score from both system developers and drivers. A 
comparison of the mean scores of the two groups indicated several moderate differences between 
the groups. The mean scores of the attributes “not annoying”, “appropriate urgency level”, “high 
acceptance” and “not too startling” were higher for developers than for drivers. The mean scores for 
the attributes “appropriate orienting response”, “prepares the driver to respond”, “clearly audible”, 
  
and “easy to understand” were almost identical for both groups. The mean score for the attribute 
“easy to distinguish” was slightly higher for drivers than for developers. Mann-Whitney U tests 
revealed significant differences between the two groups for the attributes “appropriate urgency 
level” (U=503.5, z=2.05, p=.04, two-tailed) and “not too startling” (U=434.5, z=2.79, p=.01, two-
tailed). No other significant differences were found at the alpha = 0.05 level. However, differences 
in the attributes “not annoying” (U=549, z=1.57, p=.12), “high acceptance” (U=520, z=1.88, p=.06) 
and “easy to distinguish” (U=858, z=-1.71, p=.09) may be considered to be indicative. 

Figure 4  Mean ratings for the low-urgency driving situation. Error bars show standard errors. 
Two-tailed Mann-Whitney U tests were used to investigate differences between the two groups,  
* p<0.05. 
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The first research question under investigation in the present study was “which attributes of 
auditory warning signals do vehicle developers and commercial drivers consider important?” The 
results indicate that both system developers and drivers found most of the attributes included in the 
questionnaire to be important rather than unimportant in both the high-urgency and low-urgency 
driving situation. At first glance, the results look promising for the future of auditory warning 
signals in vehicles. If system developers, as well as drivers, are aware of the potential benefits and 
issues of using auditory signals, we might see more effective and tolerable auditory warnings in 
future ITSs.  
Perhaps the most interesting result is that many developers rated the attribute “easy to understand” 
as very important in both the high-urgency and low-urgency driving situations. These results appear 
especially promising in light of the body of research that has reported how auditory warnings can be 
made more effective by making them easier to learn and interpret [1-4]. Furthermore, implementing 
informative auditory warnings in vehicles may potentially reduce visual load and allow drivers to 
stay more focused on the road in demanding situations. However, this particular result is also 
interesting considering that most auditory warnings used in in-vehicle systems today are very 
simple, abstract sounds. The sounds are abstract in the sense that they do not represent the danger, 
which in turn makes them challenging to learn and interpret. Possible reasons for the current state of 
auditory warnings might be that system developers do not have the methods, expertise or resources 
  
available to find easily understood sounds. A few sets of guidelines to finding sounds that are easily 
associated with alarming functions have been published [23], and some developers may find 
guidance for their work in those guidelines. Another possible explanation could be that many in-
vehicle warning systems do not have the technical capabilities to store and play complex sounds 
such as auditory icons or speech. Audio requirements should be considered earlier in the system 
design phase, allowing designers to prepare them not only for advanced visual content but also for 
more complex auditory signals.  
Many of the developers (41%) indicated that it is unimportant whether high-urgency warnings are 
annoying to drivers. Previous research has shown that sounds designed to sound more urgent have a 
tendency to become more annoying [1,10,20]. Some degree of “annoying potential” is probably 
unavoidable for urgent warnings if they are to be effective. However, the level of induced 
annoyance should not be considered unimportant. Instead, developers should concentrate on finding 
sounds that are effective, while trying to keep annoyance within reasonable levels. Increased 
annoyance is a potential negative consequence of urgent sounds, but research has indicated that 
acoustic properties that affect urgency can have various effects on annoyance [10]. Making 
warnings implemented in vehicle interfaces easier to learn and interpret could also make them less 
annoying [3].  
12 % of the developers rated that they consider whether the high-urgency sound is too startling to 
be “not at all important”. At the same time, the attribute “clearly audible” received the highest mean 
rating of the nine attributes (the developers who considered startling responses unimportant all 
considered it very important that the sound is clearly audible). It is inevitably important that a 
warning is audible. However, applying the “better safe than sorry” approach in warning design, i.e., 
prioritising the audibility while neglecting the startling effects may be a risky strategy. Not only 
may loud and startling sounds negatively impact system acceptance, the involuntary response could 
potentially negatively affect a driver’s ability to respond appropriately to an urgent situation.  
The second research question under investigation in the present study was “Are there differences in 
the developers’ opinions regarding warning signals of different levels of urgency?” The results 
show that there were statistically significant differences between the high-urgency and low-urgency 
driving situations for seven of the nine investigated warning attributes. In a high-urgency situation, 
developers may find it especially important that the warning triggers an appropriate orienting 
response, that it prepares the driver to respond, that it is clearly audible, and that it is easy to 
distinguish from other sounds in the environment. In contrast, in a low-urgency situation, 
developers may be more concerned that the warning is not annoying to drivers, that it has an 
appropriate urgency level, that the driver accepts it, and that it is not too startling. It should be noted 
that the observed differences between the two situations were small or moderate, except for the 
attributes “not annoying” and “not too startling”. The developers rated these two attributes to be 
considerably less important in the high-urgency situation than in the low-urgency situation.  
The third question that was under investigation in the present study was “Are there differences 
between the opinions of vehicle developers and those of professional drivers?” A comparison 
between the developer and driver ratings revealed a number of differences between the two groups’ 
opinions. In the high-urgency situation, the drivers rated the attribute “not annoying” as 
significantly more important than the developers did. The drivers may have ranked this attribute 
more highly because they recognise annoying warnings as potentially more disturbing in an urgent 
and demanding driving situation. A comparison of the mean ratings in the low-urgency situation 
revealed two significant differences between the groups. The attributes “appropriate urgency level” 
and “not too startling” were scored more highly by the developers than by the drivers. The attributes 
“high acceptance” and “not annoying” did not differ significantly between the two groups, but the 
  
differences in these two attributes may still be considered indicative (p-values = 0.06 - 0.12, two-
tailed). Interestingly, it seems like the developers considered the attributes related to a driver’s 
mental state (annoyance, startling response) to be more important than did the drivers in the low-
urgency situation. It is possible that the two groups judged the situation differently. The observed 
differences in the opinions of the developers and the drivers suggest that vehicle developers should 
consider involving experienced drivers in the process of designing auditory warnings. While 
developers probably have more experience in interface design, experienced drivers may contribute 
valuable situation-specific information. 
Finally, both drivers and developers found many of the investigated warning attributes to be very 
important in both the high-urgency and low-urgency situations. However, developers should also be 
aware that the importance of each individual attribute could vary significantly from system to 
system. Driver environments are complex, and every driver interface system is unique. It is 
challenging to predict exactly how drivers will respond to a signal implemented in a unique 
environment. For instance, even though informative auditory warnings may be very effective in 
many systems and situations, a very simple auditory cue may actually be more appropriate. Fung et 
al. [24], for instance, conducted a simulation study to investigate the effectiveness of various 
auditory signals in a collision warning system. They concluded that a simple “beep” led to faster 
response times than no warning at all, but the response time to a speech message did not differ 
significantly from that in the no-warning situation. Thus, even though the attributes of warning 
signals may be highly important, the effectiveness of each auditory warning signal should be 
evaluated in its unique environment. 
One potential criticism of the present study is that all vehicle developers and some of the drivers 
were employees of the company Scania CV AB in Sweden. The results may not be valid for all 
vehicle developers and professional drivers. More studies should be carried out with other 
companies and in other countries to verify the results of the present investigation. Also, the 
developers that participated were not necessarily working with sound design. However, they were 
working in related areas and could potentially be involved in projects and decisions regarding 
auditory warnings and warning functions. 
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